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PREFACE 
The profgress and developments made in the field of fuel 
cells were studied. The basic principles 9 history, and current 
status are presented. An exp~nded reference bibliography on 
fuel cells is also presented. 
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Edmister is g-reatly appreciated. I am indebted to Dr. F. A. L. 
Dullien and the ~ntire staff of the School of Chemical Engineering 
for their assistance. The fellowship received from the National 
Department of Health, Education and Welfare during this work is 
a1)preciated. 
Most of all~ I am indebted to my wife, Shirley, for her 
encouragement and patience which have made my graduate study 
possibleo 
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T11e seafch for greater efficiency in the conversion of fuel 
into power has been active for many years. Fuel cells have been 
recognized as being t.ibeoretically capable of performing this 
fuel-to-power conversion with a high efficiency since the latter 
19!!! century. Until the last few years~ however, fuel cells have 
existed mainly as "laboratory curiosities'' with little promise 
for practical anol economic a11plications. 
The progress made on fuel c,ells up to about the last 20 
years had not been great~ but since this time a large and 
rapidly increasing amount of investigation has been applied to 
fuel cells. This increased research activity has produced many 
. ne1.,11 developments that have greatly encouraged the prospects for 
a depern:lable 9 economical~ and practical fuel cell. The perfection 
of such a cell 9 operat on conventional fuels 9 would have an 
extremely important influence on future methods of power genera-
tion (72). 
The primary reason for the increased interest shown in 
:fuel cells is the promise of increased efficiencies for the 
conversion of naturally occurring hydrocarbons or other con-
ventional fuels into electric~! energy. The fuel cell is 
theoretically capable of converting the energy released by a 
1 
2 
fuel undergoing oxidation into direct current electrical energy 
with effitiencies ranging from 60-100 per cent. 
Fuel cell efficiencies are well above those of conventional 
means such as the gas turbine (40%) 7 internal combustion (25-30%), 
or the steam turbine (4o%). Other reasons include the inherent 
simplicity because of no moving parts, quietness, cleanliness, 
and high power per unit weight or volt:me. Not all fuel cells 
offer these advantages to the sa1ne degree, but the fact that 
fuel cells as a whole promise them promotes the increased 
interest in fuel cells. 
The fuel cell is able to attain a high efficiency because 
it is not a heat engine, and thus escapes the restrictions of 
the Carnot Cycle which limits the efficiency of many conventional 
methods of electrical power and generation. 
At the present time fuel cells are still in an experi-
mental state of development. Several experimental models have 
exhibited promising operating characteristics and results, but 
the cost of electrical energy produced by fuel cells is still too 
high for commerical use. 
The new developments and the rapidly increased research 
· activity applied to fuel cells have created a demand for techni-
cal personnel who are familiar with the concepts of fuel cells. 
This demand has, in turn, created a need for information on fuel 
cells. 
The literature on fuel cells has been quite large in the 
last few years. Unfortunately ,O" few artic.les cover the complete 
t-
scope of fuel cells. Most of the articles are either too general 
to offer much information or too full of technical detail for 
easy understanding unless .the reader is already familiar with 
the subject o· 
In view of the large interest and future potential of fuel 
cells,. the present work was undertaken with the major purpose of 
gaining information apd knowledge in the field. The specific 
objectives of the •tudy may be stated as: 
1. Assemble a literature review of past and present 
fuel cell systems to serve as a future reference 
source. 
2. Present the basic principles 9 current status, and 
future outlook of fuel cells. 
CHAPTI!-;R II 
BASIC PRINCIPLES OF FUEL CELLS 
General Description 
The classic defini t:ion of a fuel cell is ''an electro-
chemical device in which part of the energy derived from a 
chemical reaction maintained by the continuous supply of 
chemical reactants is converted to electrical energy" (57). 
A more practical definition is that a fuel cell is a D-C 
generator in which. electrical energy is obtained directly 
from the chemical reaction between an oxidant and a fuel 
that are continuously fed into a cell (57). 
There are two classes of fuel cells~ the direct and the 
indirect. In the direct cell 9 the fuel and oxidant are fed 
directly into the cell. In the indirect cell, an intermediate 
reductant and oxidant that are regenerated by external means 
are utilized in the cell to produce electrical energy. 
A fuel cell differs from a battery primarily in that 
the fuel and oxidant are fed continuously to the fuel cell 
wJi.ile the battery contains :i, ts fuel and must be regenerated 
periodically. 
Fuel cells may be represented in their most general form 
by two electrodes separated by an electrolyte, with fuel and 
























1/202 (g) + H2o + 2e ~ 20H-(aq) 
H2 (g) + l/202 (g) ~ H20 
Figure 1 
Hydrogen-Oxygen Fuel Cell 
Figure 1 illustrates a general simplified sketch of a 
gaseous hydrogen-oxygen fuel cell, with an aqueous KOH electro-
lyte and gas diffusion porous electrodeso The fuel is oxidized 
5 
at the anode, releasing electrons which flow through the external 
circuit to the cathode. The oxidant is reduced at the cathode, 
accepting electrons from the external circuit and producing ions 
which are transported through the electrolyte to the anode. 




'rhe general form of the First Law of 'rl1ermodynamics for 
a closed system is 
dU = 6q = oW (1) 
where:: dU = change in internal energy of the system, energy. 
6q = infinitesimal quantity of heat absorbed by the system, 
energy. 
OW - infinitesimal quantity of work done by the system, 
energy. 
The use of 6 instead of d for the heat and work change 
indicates the fact that in general oq and 6W are not properties 
of the system but are defined only for a given path of change. 
For reversible process 
6W = PdV + dW' (2) 
and by the Second Law of 'rhermodynamics 
dS = oq/T (3) 
where: dW' = reversible work done by the system other than 
PV work 1 energy. 
dS = change in entropy of the system, energy/degree. 
P = absolute pressure of the system, force/area. 
V = volume of the system, volume 
T = absolute temperature of the system, degrees 
For a system at constant temperature and pressure 
PdV = d(PV) (4) 
and 
·rr1s = d (Ts) (5) 
Combining equations 1 through 5 ~ the Ii'irst Law of Thermo-
7 
dynamics may be restated for a reversible closed system under 
conditions of constant temperature and pressure as 
dW 1 ::::: - dU - d(PV) + d(TS) 
- - d(U + PV - TS) (6) 
This combination of thermodynamic properties (U + PY - TS) 
is defined as the Gibbs Free Energy Function, and is designated 
by G. In fuel cells~ which OJJerate at constant temperature and 
pressure, the free energy change represents the maximum electrical 
work that can be producedo This is stated in the form 
dW 1 = - dG (7) 
Enthalpy is defined as H:::: U + PV. For a reversible 
system at constant temperature and pressure 
dH = dU + PdV (8) 
Substituting equation B into equation 7 
dG:::: dH - TdS (9) 
or in finite difference terms 
l!.G::: 8H - TAS (10) 
In fuel cells 1 energy is produced as the result of a chemical 
reaction 




where: A~B 9 C~D, represents the species of chemical compo11ents 
taking part in the reaction 1 and a,b,c 1 d, represents 
the relative mole relationships of the amounts of 
reactants and products. 
When applied to a chemical reaction 1 equation 10 may 
conveniently represent the change in free energy Jper quantity· 
of a particular component reacting. 
The electrical work produced by a reaction yielding a 
reversible potential (E ) and supplying a quantity of rev 
8 
electricity Q to an external circuit is Q E 
rev For each electro-
chemical equivalent reacting, Q is equal to the Faraday ("3=" = 
96500 coulombs/gram equivalent) and for Z electrochemical 
equivalents reacting 
'The electrical work obtained from a reaction supplying Z T 
coulombs of electricity at a potential E is then rev 
dW 0 = z}"E (11) 
rev 
The electrical work is also given by 
dW 0 = E It (12) · rev 
where: I = current produced 1 coulombs/time 1 (Q/t) 
t = time required for Z. electrochemical equivalents to 
react, time 
E = reversibie potential of the reactioni volts. rev 
Since the electrical work also equals the free energy change 
for a reversible process, combining equations 7 1 11, and 12 
(13) 
- =E It (14) rev 
The previous equations apply only to reversible processes, 
which do not exi~t as there are no truly reversible processes. 
To. account for other than reversible condi tons, equations 10 i 13 
and 14 may be rer.vri t ten as 
6W' = '71=' E .lJ ·I (15) a 
= E I t (16) a 
= -t.H + i'.lq (17) 
where: Liq = irreversible heat abosrbed by the sy,stem due to 
the heat of reaction 1 energy. 
E = actual cell potential 1 volts a 
The heat generated in an actual working fuel cell due to the 
reaction is found by combining equations 10 1 13, 15, and 17 
Aq = z1=°(E - E ) + TAS a rev (18) 
9 
Power is defined as work produced per unit timeo The electrical 
power supplied by a fuel cell is then 
Power = MV '/t 
= E I t a 
Actual Fuel Cells 
No actual working fuel cell possesses current-voltage 
(19) 
characteristics that would be predicted from reversible condi-
tions. This decrease in cell potential or voltage is a result 
of irreversible processes~ undesired processes that may occur, 
changes in the steady state fuel and electrolyte concentration, 
and imperfections in the cell constructiono 
To understand the reasons for these cell losses, it is 
necessary to examine the various processes that are active in 
a working cell. 
10 
'r11e Gas Diffusion Electrode 
Various types of electrodes have been proposed and 
investigated for use in fuel cells (5, 15, 25, 27, 36, 46), but 
at the present time the gas diffusion electrode see-s to offer 
the most promise. Because of this, the gas diffusion electrode 
was considered in this work, although the general principles 
applicable to this type of electrode will apply to other types. 
The gas diffusion electrode has been developed to provide a 
maximum surface area for the reaction zone (76). These electrodes 
are usually constructed of sintered metal powders or of porous 
carbon. Various catalysts are incorporated in them to promote 
desired reactions I Btnd. to inhibit undesir 1ed side reactions ( 76). 
Gas diffusion electrodes actually consist of a very 
complex system of pores which would be very cumbersome to consider 
in a rigorous manner C1.s). An idealized model I consisting of 
cylindrical capillary pores was assumed for this treatment. 
A major requirement of gas diffusion electrodes is to 
permit stabilization of the gas-electrolyte interface within 
the electrode. A stable reaction zone is necessary to prevent 
bubbling of the gas into the electrolyte, or of the electrolyte 
flowing through the electrode. Either of these will reduce the 
reaction zone area and decrease the cell output (76). 
There are three pressure forces acting in a pore, the gas 
pressure P, the electrolyte pressure PL' and the pressure due -~- g 
to surface t,cmsion P c" 
Gas diffusion electrodes used for slightly soluble gases 
may be classified as lyophobic (electrolyte does not wet the pore 
11 
wall) and lyoph.illic (electrolyte does wet the pore wall). All 
of the sintered porous metal electrodes currently in use appear 
to be of the lyophillic type while the porous carbon electrodes 
are of the lyophobic type (76), 
'fhe interface for each type of electrolyte-gas interface 
is illustrated in Figure 2, which indicates the capillary pressure 

























r cos G 
where: Y = surface tension, force/length 
r = pore radius, length 
(20) 
Q = angle of wetting associated vd th the gas-electrolyte 
interface 1 degrees. 
P = pressure due to surface tension, force/area. 
C 
To maintain a stable solid-gas-electrolyte interface, the 
capillary forces Pc, PL 1 and Pg, must be in equilibrium. 
This may be stated as 
p + p = PL g C (21) 
For lyopb.illic interfaces 1 (lrigure 2a), Q is between 90° 
and 180° and cos Q is negative in value. This indicates 
that Pg must be larger than PL for a stable interface. 
For lyophobic cases, (Figure 2b) 1 Q is between 0° and ,.·, ., 
90° and cos Q is positive in value which indicates that-P 
g 
is less than PL for a stable interface. 
In an ideal capillary 9 which has been assumed here 1 a stable 
gas-electrolyte would be very difficult to maintain since a small 
deviation of either the gas or the electrolyte pressure would 
displace the interface. In the actual electrode, the pore radius 
Cr) is not uniform and a small shift of pressure will displace 
the interface only a small distance until the radius changes 
enough to again balance the pressure forces (45). 
To consider the reactio-11 mechanisms occurring at an 
electrode, a lyo1Jhillic type electrode wall was chosen for 
12 
illustration purposes. The interface is divided into three 





Zone 1 = Gas-solid interface 
Zone 2 
Zone 2 = Gas-solid-liqu:td interface 
Electrolyte 
Phase 
Zone 3 = Gas-liquid and liquid-solid interfaces 
l"igure 3 
Reaction Zone Diagram 
Considering the anodes of the h;yd.rogen-oxygen fuel cell j the 
following reactions will occur (3 1 6, 46, 49): 
where: 
2 ~~ + 20:H-~ 2H2o + 2S + 2e 
H0 (g) = the gas phase fuel, hydrogen ... 
S = an active site in the electrode surface 





OH- = the reacting hydroxyl ion of the electrolyte 
e = electrochemical equivalents transferred per 
stoichiometric molar reaction. 
A prerequisite for reactions 22 and 23 to take place is that 
the chemisorbed fuel and the hydroxyl ion must come into contact. 
There are several methods by which this may happen (76). 
First the gaseous fuel must migrate to the vicinity of the 
gas phase of zone li and the ionic species to the vicinity of 
the liquid phase of zone 3. After this occurrence, the reactions 
may take place by one or all of the following three mechanisms: 
I Fuel can be chemisorbed in zone 1 and then be trans-
ported by surface migration to zones 2 or 3. 
II Fuel can diffuse through the thin electrolyte 
film in zone 3 and be chemisorbed followed by 
reaction. 
III Fuel can be chemisorbed at zone 2 (gas-solid-
liquid interface) followed by reaction. 
This system of mechanisms may be applied to the cathode, 
and to other types of fuel in a gaseous diffusion electrode. 
Types of Voltage Loss 
The loss of cell potential or voltage of actual fuel cells 
from that predicted for theoretical cells by the overall cell 
reaction under reversible conditions consists of two types: 
1. With zero current or open circuit. 
2. 1lli th current drain, 
The loss of potential at open circuit voltage (O.C.V.) 
is due to the loss of energy due to the chemisorption process 
that occurs at the electrodes, and to any undesired side reactions 
that may take place (27, 77). 
When a fuel cell produces current, a net reaction must 
take place at the electrodes, and the cell potential changes 
to sustain the current (65). The electrode is said to be 
polarized. Polarization is defined as the difference between 
the cell potentia'f with current drain and the cell potential 
under reversible conditions with the same fuel and electrolyte 
concentrations (14)1. Fuel cell polarization is divided into 
three types ( 50): 
1. Activation. 
2. Concentration Polarization. 
3. Ohmic Polarization. 
Activation .2.olarization indicates slow chemical reaction 
rates at the electrodes. This type of polarization is affected 
by type of catalyst 1 und.esired side reactions, surface area of 
reaction zone~ temperature, reaction rates, etc. (46, 50, 64). 
Concentration polarization is a mass transport effect. It 
is caused by slow rates of mass transport as current is drawn 
from the cell. Gas diffusion rates, electrode construction, 
and electrolyte pro1:>erties are some of the contributing factors 
to concentration polarization (46, 50, 64). 
Ohmic polarization is caused by the internal resistance 
of the cell. This type of polarization is affected by the 
electrode material, electrolyte properties, cell conditions, 
corrosion, etc. (46 1 50, 65). 
The general effects of the three types of polarization 
on cell potential are illustrated in Figure 4 (64). This 
15 
16 
illustration indicates the general shape of the current-voltage 
curve only, not magnitudes. 





















Types of Polarization 
Concentration 
Polarization 
Each of the three types of polarization and O.C.V. potential 
losses are discussed separately in further detail. 
Loss of Potential at Open Circuit Voltage 
At open circuit voltage no net current flows and the cell 
potential should be that predic~ed for reversible conditions 
(equation 14), That the reversible potential is not obtained at 
open circuit voltage, even when the fuel is allowed to remain in 
contact with the electrode and in' the absence of side reactions, 
has been confirmed by many investigators (3, 46, 50, 76). 
17 
The electrode reactions of the hydrogen-oxygen anode, 
equations 22 and 23, indicate that the current producing 
(electrochemical) reaction is the reaction between the chemisorbed 
fuel and the electrolyte ion. The chemisorption of the fuel is 
not a reversible process (77), and is always accompanied by a 
decrease in the chemical potential of the fuel. Since the 
chemisorption occurs before the electrochemical reaction and 
does not produce any electrical work, the free energy change 
available for electrical work is less.' This me;:ins that the open 
circuit voltage is governed by the energy state of the chemisorbed 
fuel, and the heat of chemisorption (being always negative or 
exothermic) provides a convenient approximate measure of the 
loss of cell potential (77). The energy states of the mechanisms 
for the hydrogen oxygen anode are illustrated in Figure 5. 
Chemisorption consists of a combination of the gas molecules 
to form a surface compound, which results.in heats of chemisorption 
ranging from 20 1 000 to 100,000 calories per gram-mole (65). 
Table 1 lists the heats of chemisorption for several fuels and 
surfaces. 






















* Trapnell (73) 
TABLE I 





























Loss of Potential Due to Activation Polarization 
For the loss of potential at O.C.V., the concepts of 
reversible thermodynamics could be used. When a fuel cell 
produces current the reactions occur at a finite rate which 
implies irreversibilityi in the thermodynamical sense of the 
term. The greater the currenti the greater is the potential 
decrease or irreversibility of the process (63). 
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It is emphasized that the correct theory of activation 
polarization is uncertain. There are several theories of 
activation polarization and considerable differences exist 
between these theories (14). No theory has been proposed to 
account for all observed phenomena (64). However,.most theories 
agree that activation polarization is connected with the 
activation free energy of the controlling step in the eletrode 
reactionso Bockris (14) has given a thorough review of the 
existing theories. 
It is beyond the scope of this work to present all theories, 
and only the approach used by Austin (3) is presentedo In this 
approach, the activation polarization is treated as the free 
energy chan~!,'e across the electrode-electrolyte interface as a 
result of current drain. 
To discuss activation polarization~ th,e anode of the hydrogen-
oxygen fuel cell with the electrochemical reaction (reaction 23) 
as the controlling step was considered. 
Ji!i.t open circ.1,1i t voltage 1 the electrode reactions are in a 
dynamic equilibrium and the rates of the forward and reverse 
reactions ar,e equal" No net reaction takes place o At open 
21 
circuit, the reactions approach reversible conditions (64). 
Conforming to Eyring's (65) reaction rate theory, the 
forward reaction rate of reaction 23 
2 [e~ + 20H -~ 2H
2
0 + 28 + 2e (23) 
(24) 
and the reverse reaction rate by 
At open circuit voltage, (vf) = (vr). 
where: a = activities of the various species in the electrode 





= reaction rate of reaction 23 in the forward direction 
(left to right as written) electrochemical equiva-
lents/time-area. 
= reaction rate of reaction 23 in the reverse 
direction, electrochemical equivalents/time-area. 
= activation free energy of the forward and reverse 
reactions as denoted by the subscript. 
= reaction rate constant for the forward direction. 
= reaction rate constant for the reverse direction. 
The free energy of a substance may be defined in terms of 
the free energy in the standard state and the activity (64). 
G = G0 + RT ln a 
where: superscript ( 0 ) refers to the standard state, (unit 
activity) . 
The isothermal change in free energy of a reaction 
is then given by 
22 
Applying this concept, the free energy change of reaction 
23 in the forward direction at constant temperature is given by 
(26) 
and in the reverse direction by 
AG 
r 
= l'.IG 0 + RT 
r 
(27) 
Equations 26 and. 27 are correct whether the reactions take 
place reversibly or irreversibly (65). The free energy change 
of a reaction at constant temperatu~e and pressure depends only 
on the initial and final activities. However 9 when a reaction 
takes pl~ce irreversibly, the free energy change may no longer 
represent the actual work (or electrochemical potential) available. 
The available work is a maximum only when the reaction takes place 
reversibly and is less than the maximum when the reaction is 
irreversible. 
At OJ)en circuit voltage no net reaction takes place and a 
steady state value of the initial and final activities is 
established. When current is drawn from the cell, a net reaction 
takes place and a different steady state value of the activities 
is established at each current level (3). The reactions are no 
longer reversible when current is drawn from the cell. 
Act:j.vation polarization is denoted as n t and defined '(ac 
as the change in potential due only to the electro~e reaction 
processes. This is given by 
/Zact == 
E 
rev - E C 
where g subscri ~t (c) refers to the cell voltage with curren_t 
drain. 
( 28) 
Assuming that the activation polarization can be represented 
by a free energy ch.ange, the activation polarization may be stated 
as 
z'J"-» = -d ( tiG) 'Cact ( 29) 
where: d ( 6G) is the chan:'.);e in free 1:mergy of the reactants of the 
forward and reverse reactions because of current drain. 
Eqvation 29 is not rigorous as it is based on an assumption 
that the activation polarizntio11 is due only to the change in 
activities of the reactants and products in the reaction zone 
because of current drain. The error due to this assumption is 
compensated for by the use of an experimentally determined factor 
and Equation 29 permits the establishment of an expression for 
the activation polarization of the correct form (3, 13j 65) • 
. ,
For a substa,ice chang from one activity a to another 
l 
activity an at constant temperature and pressure 8G 0 = 0 1 and 
~ ) 
AG dT ln [ :: l 
a2 = a1 ex{ ~; ] 
Applying the concept of equation 31 to reaction 23 the 
( 30) 
(31) 
activities of the reactants and. products at current drain may 
be written as 
24 
and 
~ 2 2] ~ 2 2] (a.1 0 ) (a) = (a." 0 ) (a) .r I S C u::i.'l' $ OCV 
2 G 
{33) 
,,vhere: L'.lG1 and AG2 represent the free energy change of the 
reactants and products at open circuit voltage and with 
current draino Rearrangin,g equations 32 ani:] 33 ~ them~ 
,are given by 
L!.Gl RT ln 
[(aHS)2 (aOH) 2Jc 
--
[< )2 (aOH) 2]ocv 
(34) 
[ (aH20),2 (as)2] 
Ll.G2 RT ln 
, C 
:::: 




Substituting equations 32 and 33 into equations 24 and 25, the 
reaction rates of the forward and reverse r(iactions with current 
drain are given by 
(36) 
[ -l!.G; 
RT + (37) 
The free energy change d(i.'.JG) is now interpreted as 
( 38) 
or accepting the previous assumption 
(39) 
The free energy changes 6G1 and ~G2 are now defined in terms 
of an expicrimentally c1etermined fraction a as 
(40) 
LA,G = - ( 1-ex, ) Z :t J7 2 -l act (41) 
and -J.W1 + L'IG2 "" l- (a) - ( 1-cd J zT f:lct 9 which satisfies equat.ion 
39. 
now be written in terms of the 




t-1'.\.G* . r exp ·.RT - R'f J 
(43) 
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As seen from equations 42 and 43 the effect of Jf act is two-
fold. Part of )Z act renders the forward reaction rate (vf) more 
rapid, and the remainder diminishes the rate of the reverse 
reaction v (64). 
r 
These effects are accmnplished by decreasing the free energy 
of activation for the forward reaction from 
6G* 
f 
to AG* - a. zT/,' f '(. act 




to L\.G* + (1-oc.)z°}'J? t r 'Cac 
where: a = the fraction of the pol.arization ( I(_ act) 
applied to the forward reaction. a. is 
equal to 0.5 for most electrode materials (13). 
(44) 
(45) 
Figure 6 illustrates the effects of activation polarization on 
the electrode reactions (64). 
These free energy effects ( a.Z t :n t and ( 1-a) Z "'J h t ) 'Cac · 'Cac 
may~be interpreted as the free energy change involved in the 
change of the activities of the retictants and products across 
the electrode-electrolyte interface at open circuit and with 
current drain. The activities in the electrode surface change 
as a net reaction takes place. This change produces a con-
centrution of electrons in the electrode surface and a con-
centration of positive ions from the electrolyte in the plane 
of closest approach to the electrode-electrolyte interface (3). 
It is this interface that produces the O.C.V. (3, 13, 64). 
The free ,energy change across this interface is unavailable 
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Activation Polarization Diagram 
reduces the cell potential. 
l 
At reversible equilibriwn, no net reaction occurs and 
27 
( V ) • 
r e The net reaction rate in the forward direction 
under irreversible conditions is given by 
V t = Vf - V ne r (46) 
If the rates of reaction, denoted by the v terms, have units 
of electrochemical equivalents/unit time-unit area of active 
28 
electrode surface, the units may be changed to current/unit 
area of ,a.cti ve electrode surface if multiplied by the Faraday. 
This may be incorporated in the rate constants, 
letting I I =°f(v,) 
f ocv 
=J(v ) (47) 
r ocv 
and i I - j V - net =J(vf - V ) (48) r 
where: I 1 = current in either direction, current/unit ,area of 
active electrode surface at open circuit. 
i 1 = net current in the forward direction, current/unit 
area of active electrode surface. 
Combining equations 42, 43, 47, and 48 an equation for the 
net current i 1 is given by 
.I/fact [ [ 
a.z "Tn ~ 
i ' = I I exp :R'l' l -(l-a.)Zj; act Tl - exp RT U 
The net current i', in terxrns of geometrical area., may be 
stated as (3): 
·where: i 
i =KN A i' 
S 0 
= net current, current/unit of geometrical area. 
(49) 
(50) 
N = active site area per unit area of effective area. 
s 
A = effective area per unit of geometrical area. 
0 
K = constanto 
Combining equations 49 and 50 
. r [ a:ZTl&c~ 
1 = I Lexp L RT J (51) 
where I is called the exchang;e current density, as it is the open 
circuit forward and reverse current per unit area of geometrical 
area at equilibrium. 
Activation polarization is of major importance in fuel cells 
29 
·when it b·ecomes large. From equation 51, when Y} t is large 
-1 'fac 
the term exp [- ( 1-0l'..)ZJfa'c/R~ becomes negligible in comparison 
to the term exp [ a.Z !fact/R~ and equation 52 may be approximated 
by 
(52) 
Taking the logarithm of both sides of equation 52 and rearranging 
IJ - a + b ln i '( act - (53) 
where: a= -RT/a.Z ln I 
b = +lt'r/a.Z 
Equation 53 is known as the Tafel Equation and applies when the 
polariz.a.tion is greater than 50-100 millivolts (3, 13, 63). This 
equation gives the activation polarization as a function of the 
exchang;e current density i the fraction a. and the actual current. 
'!'he assumption made in deriving this equation is compensated for 
by the experimental determination of the fraction a.. Hoi,vever, it 
is emphasized that this treatment is based on an assumption and 
that a and ~act are not corr,e,ctly defined by equations 29 and 
40. Also it should be remembered that there are other theories 
and methods of approach to activation polarization (14). 
Equation 52 was derived specifically for the electrochemical 
reaction (reaction 23) controlling. It is possible that the 
preceeding chemisorption reaction is the controlling mechanism 
(3). If the chemisorption reaction controls, the polarization 
is due to this reaction and an expression identical to equation 
44 can be derived by a similar treatment with the rate constant, 
activation free energy, and the exchange having values for 
corresponding to the chemisorption reaction (3). 
Concentration Polarization 
30 
For a reaction to proceed continuously at an electrode, there 
must be replacement of the reactants and dispersement of the 
reaction products. If this were not to happen the reaction would 
soon stop for lack of reactants. The polarization of fuel cells 
due to the rates of mass transport of reactants and reaction 
products is ,defined as concentration polarization. In a gas 
diffusion fuel electrode the concentration polarization can be 
of two types: 
1. Gas trans])Ort polarization 
2. Ion transport polarization 
Each type of concentration polarization will be treated separately. 
In the treatment of concentration polarization, as for 
activation polarization, it vms assumed that the free energy 
change caused by a net current in the cell represents the con-
centration polarization. This assumption negl,,~cts any effects due 
to irreversible processes. 
Gas Transport Polarization 
Gas transport through a porous electrode is illustrated in 
Figure 7, p 1 and are the partial pressures of the fuel in the 
gas phase at the fuel side of the electrode and at the interface 
respectively. Lis the distance from the gas side of the electrode 
to the gas-solid-electrolyte interface. 
'fhe rate at which the ri,Jaction at the interface occurs 






Electrode Fuel Concentration Diagram 
and can proceed only as fast as fuel is transported to the inter-
face o The transport of fuel to the reaction sites at the inter-
face can occur through the following mechanisms (73): 
I. Viscous flow under a pressure gradient. 
II. Molecular diffusion. 
III. Knudsen diffusion. 
IV. Surface migration. 
Viscous flow is probably non~existent because of the product 
or impurities built up in the pore, and surface migration will be 
negligible compared to diffusion mechanisms (75). Diffusion 
mechanisms are then the primary means fort.he transpqrt of gas 
through porous electrodes. 
The rate of gas transport due to molecular or Knudsen 
diffusion is given by (74) 
32 
(54) 
where: Rate = number of electrochemical equivalents 
transported to the reaction zone per unit area 
per unit time. 
= effective diffusion coefficient 1 depending upon 
the type of diffusion, fuel concentration, fuel, 
and conditions. 
L = distance the fuel must be transported, length. 
For a given cell and operating conditions I equation 54 may 
be represented as 
i = B(pl - p2) (55) 
where: i = T<Rate) I and B = 'fen eff/L) 
Since the maximum value of (p1- p 2 ) occurs at p 2 = O, 
iL = B P1 (56) 
where: iL = limiting current of the cell due to gas transport. 
The change in free energy of the fuel going from a partial 
pressure p 1 to a partial pressure of p2 is given by equation 31. 
wh~re: a 1 = activity of the fuel at a partial pressure p1 
a 2 = activity of the fuel at a partial pressure p 2 
The activity is defined in terms of fugacity as (63) 
a= f/f 0 
where: a = activity of the substance in question 
f = fugacity of the substance in question 
(31) 
fo= fugacity of the substance in question at the standard 
state. 
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The standard state for a gas at any given temperature is the 
state in .which the fugacity is equal to unity (65). The activity 
of a gas is then equal to the fugacity. For an ideal gas, the 
fugacity is equal to the partial pressure. Since any gas can be 
brought into an ideal state by reducing the partial pressure to 
zero, the definition of fugacity for any gas may be further defined 
as (65) 
Limit f/p = 1 
p-0 
(57) 
For low pressures~ the fugacity may be approximated by the partial 
pressure (65). The free energy change for the transport of the 
fuel from the gas side of the electrode to the interface is then 
given by (assuming f = p) 
(58) 
The effect of this free energy change on the cell potential 
is to reduce the free energy available for the electrochemical 
reaction 9 which reduces the cell potential. Denoting the con-
centration polarization due to gas transport asf at a current 
g 
i, the polarization in terms of free energy is given by (assuming 
no effects due to irreversibility). 
c;: -Z"'SJ7 
. '(g 




Combining equations 58, 59 1 and 60 
(61) 
Gas transport p6larization is a function of the fuel 1 
fuel partial pressure, the distance the fuel must be transported, 
the current I and the tem1perature, 
Ion Transport Polarization 
Ions to replace those taking part in the electrochemical 
reaction may be transported to the electrode by (64): 
1. Ionic migration. 
2. Ionic diffusion. 
3. Agitation, natural or forced. 
During reaction, the first of these mechanisms inevitably 
occurs v.rhile the last may or may not depending on tlle system. If 
the total supply of ions to the electrodes by the first and last 
mechanisms is adequate, then the electrolyte concentration remains 
uniform up to the electrode surface and no net diffusion occurs, 
but if the supply is not adequate then the concentration of ions 
falls at the eliactrode surface to which the ions are ·being 
transported below that of the bulk concentration. Au equilibrium 
is then reached in which a concentration gradient exists in a thin 
layer adjacent to the electrode surface. This equilibrium is 
controlled by the rate of diffusion, and since the electrode is 
essentially immersed in a solution of different concentration than 
that of bulk electrolyte>the potential changes accordingly (62). 
Polarization due to ion transport is similar to gas transport 
polarization 9 and is given by (13, 64, 65): 
where: 
'Ii 
RT ln [ieie i] = z¥ 
i = limiting current density, given by e 
i 
DZ T a. = (1-tio e 1 
D ART = ,., 
6 = 
D = diffusion coefficient 
A. = equivalent conductance of the ion 
o = thickness of the di.ffusion layer 
ti = transport number of the ion 





Ohmic polarization'7r is due to the internal resistance of the 
cell. It is the combined resistances of the electrodes, electrolyte, 
and any films formed due to corrosion (3). 
The ohmic polarization is given by Ohms Law as 
(63) 
where: i = current 
reff = effective resistance of the cell, ohms. 
Side Reactions 
Side reactions can cause loss of potential in fuel cells by 
occurring as the current producing mechanism in the overall 
electrode reaction. When this happens, the cell performance is 
36 
a function of the side reaction rather than the fuel or oxidant. 
An important example of a side reaction is the formatiQn 
of perhydroxyl ions at the oxygen electrode when operated in an 
alkaline electrolyte (50). 
The oxygen electrode deserves special attention because 
oxygen is th.e major oxidizing agent of fuel cells (28). The 
oxygen electrode also presents the most serious problems to be 
solved in low temperature fuel cells (46, 76). 
The mechanism of perhydroxyl ion formation when an oxygen 
electrode is operated in an alkaline solution was first recog-
ized by Berl (11) in 1943 and has since been confirmed by many 
others (50, 76). 'rhe mechanisms in the perhydroxyl formation 




When perhydroxyl ions ar,3 formed, part of the potential 
of Uu:i cell is due to this mechanism which th,:creby reduces the 
cell potential (49). Also, the accumulation of these i6ns at 
the electrode surface can cause further potential loss due to 
concentration polarization. 
Perhydroxyl decomposing catalysts have been developed 
to reduce the potential loss due to this mechanism, but it 
appears that at room temperature the rate is not sufficiently 
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rapid for equilibrium to be reached and a potential loss of about 
O.lto0.3volts occurs (50). The catalysts to decompose this 
mechanism are discussed further in the description of the current 
fuel cells. 
Another important consideration of the oxygen electrode is 
the polarization suffered in acid solutions and when air is used 
as the source of oxygen. Theoretically the oxygen electrode will 
operate in an acid electrolyte. Practically~ they can be operated 
only at very low current densities in aqueous acid solutions at 
low temperature with a potential considerably lower than that 
expected (76). No electrodes have been designed that eliminate 
concentration polarization of the oxygen electrode when air is 
used as the oxidant at high current densities. 
Total Fuel Cell Polarization 
'The total loss of potential of a fuel cell is the sum of 
the polarizations of the anode and the cathode. The loss of 
potential at O.C.V., activation polarization, and concentration 
polarization treated previously were for only one electrode. 
Both the anode and the cathode will have individual losses of 
potential due to O.C.V. losses, activation polarization, and 
concentration polarizatiion. Since the ohmic polarization v11as 
treated :for the con1plet,e cell~ 1/2 of the ohmic polarization 
may be attributed to the anode and 1/2 to the cathode. 
The total cell polarization }? ,1, (assuming no side reactions) 





1/11 = ( I( act + 1/2 1 ) r A (68) 
I/ c = ( llact + 1/ + 1/_1. g + 112 11 ) r (69) 
1?A --
C 
sum of the activation, gas transport, ion trans-
port~ and 1/2 o:f the ohmic polarization at the 
anode, total anode polarization, volts. 
total polarization at the cathode, sum of the 
activation~ concentration 1 and 1/2 of the ohmic 
polarization at the cathode 1 volts. 
resulting fuel cell ~potential is then given by 
E = I~ +ic 'l' ( 61) a rev 
cell potential and the respective potential losses of 








Total Polarization Diagram 
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Fuel Cell Efficiency 
The attractiveness of fuel cells as a source of electrical 
power lies primarily in the efficient manner in which they can 
convert chemical energy into electrical energy, which is not 
limited by the familiar Carnot Cycleo 
The maximum amount of useful energy (or available work) 
that may be recovered from a thermal engine at 100% fuel 
conversion is given by 
11W = tlH (1-T /T) 
m C 0 
where: AW = maximum available work 
Il1 
AH = heat of reaction of the 
C 
'f = 0 absolute temperature of 
T = absolute temperature of 
(1-T /T) = Carnot Cycle Efficiency 
0 
fuel at T 
heat sink, degrees 
engine , degrees 
(71) 
Thus, even with 100% fuel conversion of fuel and no heat loss to 
the surroundings the thermal engine is limited to a maximum 
efficiency of th.at of the Ca.rnot ·Cycle. To correct equation 71 
for less than 100% fuel conversionj it must be multiplied by 
the fraction of fuel converted. 
Efficiency is defined as the ratio of the work output to 
the work input. The theoretical work out1:iut of reversible fuel 
cells was given by equations 11, 14, and 15, and the actual work 
of working cells by equations 16, 17, and 18. 
The efficiency of reversible fu,el cells depends upon the 
fuel, oxidant 1 and the operating conditions. It represents 
the difference in the energy released by the chemical reaction, 
39 
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and the inherent loss due· to entropy changes. 
The efficiency of actual cells depends upon the polarization 
losses, and is reflected by deviations from the theoretical 
reversible potential and current. 
The efficiency of fuel cells has been defined in many ways 
in the literature (20 1 5,0).. A summary of these are: 
:i:. Ideal Efficiency ¢ 'ID = t:.G./t:iH X 100 
IL Free Energy Efficiency ~(' = E It/(-L;;G) X 100 '•sX a 
IIL Thermal Efficiency ¢ = E It/(-b.H) X 100 'T a 
IV. Current gfficiency ;i6 :: I /I X 100 
C a 
V. Practical Efficiency !i\ = E It/F'uel energy input a 
X 100 
The ideal efficiency ¢ID represents the maximum efficiency 
a fuel cell may produce and is characteristic of the :fuel and 
cell conditions. This efficiency is realistic only or reversible 
operation and compl~te fuel conversion, but it does represent a 
limiting value that may be compared to the Carnot Cycle of thermal 
engineso 
The free energy efficiency ~,... represents the ratio of the 
'Lt 
actual electrical work produced to that theoretically produced 
under reversible conditions and complete fuel con.version. 
The thermal efficiency ¢T represents the ratio of actual 
work produced to the heat of reaction of tlH:! fuel, assuming 
complete fuel conversion. 
The current efficiency¢ represents the ratio of the 
C 
actual current of the cell to the theoretical current at 100% 
41 
fuel conversiono 
'fhe j,)ractical efficiency ¢ re:i;:iresents an overall efficiency 
p 
that is the product of either the free energy efficiency and the 
current efficiency, or the thermal efficiency and the current 
efficiency. 
It is emphasized that these efficiencies apply to the 
fuel cell only, and not to a system including other types of 
energy converterso 
Discussion 
The treatment presented in this section has emphasized 
the major areas to be considered in fuel cells. 
The general description of fuel cells indicates the similarity 
between fuiel cells and batteries for thermodynamic a.nd theoretical 
consideration. 
"rhe voltage performance of reversible fuel cells depends 
upon the Gibbs free energy change of the current producing 
reaction, and the cell operating conditions. 
Actual working fuel cells are not reversible, and can 
only approach as a limit the performance of reversible cells. 
- ' 
The gas diffusion electrode provides a foundation for outlining 
the mechanisms and the reasons for working cells deviating from 
reversible cells, 'I'he g;as diff:nsion electrode has shown the 
most promise of the various tyiies of electrodes 1 and the 
principle~ outlined for this type of electrode will, in general, .. -
apply to the others. 
Neglecting irreversible effects, the polarization and O.C.V. 
losses suffered by working fuel cells are caused by free energy 
decreases of the fuel and oxidant before they take part in the 
electrochemical or current producing reactionso These losses 
depend largely upon the electrode materials and construction, 
fuel, oxidant, electrolyte, and the cell operating conditions. 
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The effect of temperature on fuel cell performance. is, of 
major importance mainly in the effect it has upon the reaction 
rates of th,a electrode reactionso 1remperature ,does have other 
effects on fuel cell performance, but in general these are small 
in comparison to the reaction rates (6Ll) o Increased temperatures 
increase the reaction rates by decreasing the activation free 
energy of the electrode reactions(64). 
The treatment presented in th.is chapter has been restricted 
in the sense that an important factor in fuel cell performance 
has been omitted. This factor is quality or technique of cell 
constructiono Such things as electrical contacts and insulation, 
irnqmri ties in the fuel, oxidant, or electrolyte, and cell geometry 
can have a large influence on the cell performance (49)o. 
The general principles reviewed for fuel cells provide a 
basis for outlining the desirable characteristics of fuel cellso 
The primary fuels should h.av,2: a high energy density (free 
energy change per unit weight or volume), a high reactivity at 
the operating conditions, be stable and noncorrosive, and be 
low in cost (33). 
The electrolyte should. remain invariant. It should have 
a minimum of electrical resistance and hav,e hig;h transport 
properties. It should not react with any portion of the cell. 
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The fuel cell as a ,vhole should be sturdy and small. It 
should be constructed of materials that are corrosion resistant 
and unreactive with the electrolyte or fuel at the cell operating 
conditions. The materiale;;; should not be active ca.talysts that 
promote any undesirable side reactions. 
The electrode should provide a maximum area for the reaction 
zone (~as-solid-liquid). 
~ - It should be of low electrical resistance 1 
uniform porosity, corrosion resistant, and structually strong 
at the operating conditions. The electrode should contain suitable 
catalysts to minimize the heat of chemisorption and activation 
free energy of the desired reactions. It shouli.:1 provide suitable 
catalysts to inhibit or rapidly decompose any side reaction 
products that m1,ay occur. rl'he catalysts should be selective in 
that they chemisorb only the desired reactants. 
The electrodes should be desig·ned so that concentration 
polarization is at a minimum. 
Table II describes the stand.ard state thermodynamic prop-
erties of several fuels. Included i~ the Table are free energy, 
and enthalpy chantz~es 9 reversible potentials and ideal efficiencies 
of the overall cell reaction at temp,eratures of 298, 500, 700 and 
1000°IC 
A more thorough treatment of fuel cell principles is beyond 
the scope of this work:. Exhaustive and thorough treatments 
have been presented in tlle literature (3, H, 1 16 1 46, 76 1 77). 
The concepts outlined in this ch,•1pter are carried into 
Chapter IV and discussed in further detail with re.spect to 
:spticific cells. 
TABLE 11-
STANI>ARD STATE THERHOD¥NAM1C PROPERTIES 
01'., VARIOUS FUEL CELL REACTIONS 
Fuel Reaction Molecular (Z) Amp-hrs 
wt. of fu~l Equivalents Lb-fuel 
gm-mol 
1 Hydrogen H2 (g) + 1/2 o2 (g)= H20(g) -·· . 2.016 2 12003 
2 Hydrogen H2 (g) + 1/2 0 2 (g) = H20(Q) 2.016 2 12003 
3 Carbon C ( s ) + 0 :/ g ) = CO:;/ g ) 12. 01 4 4029 
4 Carbon C(s) + l/2 o2(g):::: CO(g) 12.01 2. 2008 
. . . 
5 Carbon CO(g) + 1/2 02 (g) = Co2 (g) 28.01 2 864 
6 .Methane CH4 (g) + 202 (g) = CO2 (g) + 2H2o(g) 16. 04 8 6037 
7 Ethane C2H6{g). + 7/2 02(g) = 2co2(g) + 3H20(g) 30.07 14 5638 
8 Propane C3H8 (g) + 502 (g) = 3C02 (g) + 4H20(g) 44.09 20 5493 
9 n-butane C4n10 (g) + 13/2 o2 = 4C02 (g) + 5H20(g) 58.12 26 5408 
10 n-pentane C5H12(g) + 8 o2 (g) = 5C02(g) + 6H20(g) 72.15 32 5360 
11 Methanol CH30H(g) + 3/2 02(g)= co2(g) + ~H20(g) 32.04 6 2262 
12 Ammonia NH3 (g) + 3/4 02 (g) = 3/2 H20(g) + 1/2 N2 (g) 17.03 3 2129 
13 Lithium Li LO + 1/2 H2(g) = Li H(,e) 6.94 1 1742 




=£18 0 -AG 0 rev 
Calories Calories Volts 
gram-mo! gram-mol 
1 57798 54636 1.23 
2 68248 56960 L28 
3 94054 94265 1.06 
4 26417 32783 0.739 
5 67637 61482 1.385 
6 201761 191397 LOB 
7 341266 359298 1.16 
8 +625050 646140 1.12 
10 786908 797141 1.12 
11 179330 166770 L25 
12 65907 66633 1.0 
13 20610 16720 Oo73 
14 44682 71839 3.12 
TABLE II (Continued) 
500°K 
Ideal 
Efficiency -tJI 0 -6G 0 
(%) Calories Calories 
gram-mol gram-mo! 
94.5 58277 52361 
83.4 66277 49101 
100 94091 94399 
124 26296 37144 
90.9 67795 57295 
94.8 191343 191182 
105 340575 347050 
103 634239 653944 
101 786607 807681 
93 176137 167008 
101 65907 65862 





































-b.H o -AG 0 
Eo 
rev 
Calories Calories Volts 
gram-mol gram-mol 
1 58710 49915 1.12 
2 
3 94169 94510 106.4 
4 26409 41468 0.934 
5 67760 53042 1.194 
6 191188 191290 1.077 
7 340488 349665 1.125 
8 487867 506120 1.14 
9 634526 661805 1.146 
10 787405 818240 1.148 
11 +175772 166908 1.253 
12 65537 65398 0 .982 
13 20230 8220 0 .37 
14 
TABLE II (Continued) 
Ideal 


















































HISTORY OF l"UEL CELLS 
The hi.story of fuel cells began in 1800 wlten Volta con-
structed the first electrochemical battery known as the 
Voltaic Pile (75). In 1801 Davy (2, 23, 24) constructed a 
cell using zinc and oxygeni and in 1802 a cell with carbon 
and nitric acido Grove (40) reported in 1839 that a galva-
nometer wa.s permanently deflected when connected with platinum 
strips, both partially immersed in the same dilute sulfuric 
acid, with one exposed to oxygen and the other to hydrogen. 
Although these first cells were crude and inefficient, 
they represent the beginning of the fuel cell. These men 
could hardly be credited with inventing the fuel cell, however, 
the intent of Grove (40), ioe., nto effect the decomposition 
of ,,water by means of its composition 9 " as stated in his paper 
of 1842, was deemed sufficient to generally concede Grove as 
the father of the fuel cell (2). Grove (28, 29) was also the 
first to recognize the significance and importance of the 
tliree-phase zone (gas-solid-electrolyte) for gaseous fuel 
cell electrode reactions. 
During the next 100 years, many fuel cells were reported 
in the literature (Appendix B). It was not until 18B9 that 
Mond and Langer (59) acttially called an electrochemical cell 
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a fuel cell. The cell of Mand and Langer operated on hydrogen 
and oxygen, with platinum foil electrodes and a sulfuric acid 
electrolyte. The cell suffered large polarization losses, and 
delivered only 6 amperes per square foot of electrode surface 
at 0.73 volts (5). 
Ostwald (61) indicated in 1894 that the fuel cell was 
theoretically understood and thoroughly appreciated when he 
proposed the use of "chemodynamic 11 instead of "thermodynamic" 
methods for the generation of electrical energy (8, 46). 
Many of the early investigators attempted the direct 
conversion of coal and other solid fuels in fuel cells. These 
cells all suffered large polarization effects which prompted 
the increasing use of gaseous fuels such as carbon monoxide, 
water gas j coal gas, hydrogen, and others. 'rhe early gas cells 
also suffered from polarization effects, although to a somewhat 
lesser extent. Two major reasons for the interest in gas fuel, 
were ease of handling and rapid electrode reactions (30). 
In the early 1900's, much interest was focused on solid 
or molten electrolytes in high temperature fuel cells. High 
temperature cells were used in an attempt to escape the high 
polarization losses suffered in the low temperature cells. 
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Baur and Pri,es (8 1 9, 10) did extensive work with solid electro-
lytes from 1912 to 1946 1 but their electrolytes did not possess 
sufficient electrical conductivities at reasonable temperatures 
(15). Davtyan (25) reported in 1946 the construction of a 
solid electrolyte fuel cell ,11rhicti was also unsuccessful due to 
unsatisfactory electrical conductivities of the electrolyte. 
Schmid (46 1 68~ made a significant contribution in 1923 
for gaseous fuel cells with a greatly improved gas diffusion 
electrode. Schmid constructed a hydrogen-oxygen fuel cell 
that delivered up to 37 milliamperes per square centimeter of 
electrode surface, which was a significant improvement in 
current densities over previous cells (46). 
Although many of the early fuel cells used essentially 
the same fuel, oxidant 1 and catalysts that have subsequently 
proven very promising, practical fuel cells were not developed. 
The long delay in 1'uel cell development has been due primarily 
to technical and economic limitations coupled with the develop-
ment and improvement of other competitive devices (2). 
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Platinum catalysts, used almost exclusively in early fuel cells 
were much too expensive for the early day scientist (2). 'l'he 
major technical difficulties encountered were that the early 
scientists ivere adopting a purely thermodynamic point of view 
and were unable to understand the high polarization losses of 
their cells. This failing was especially emphasized in the fuel 
cells attempting the direct conversion of solid fuels such as 
coal (46). The ability to understand the failure of many early 
fuel cells became possible only by the consideration of the 
reaction rates of the electrode mechanisms (46). 
Fuel cell research began to increase after World War I. 
Bacon ( 5 ~ 16 j 7) began ,,"vork in 1932 on a high pressure hydrogen-
oxygen fuel cell. In 1939, Bacon built a cell using nickel 
gas diffusion electrodes and a potassium hydroxide electrolyte. 
The cell delivered. 75 ai111peres per square foot at a potential 
of 0.65 volts. The cell operated at 240 °C and 1000 psia. The 
life of this cell was measured in hours. Further development 
of this cell had resulted by 1957 in outputs of 440 amperes per 
square foot at 0.68 volts when operated at 200 °C and 600 psia 
( 5) • 
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In 1943 Berl (11) made a major contribution that aided 
understanding of polarization losses in low temperature alkaline 
fuel cells. Berl was the first to recognize the perhydroxyl. 
mechanism of oxygen electrodes operated in alkaline electrolytes. 
Justi (46) has done extensive work on fuel cells, and has 
developed a specially activated (Double Skeleton Catalyzed, 
DSK) metal gas diffusion electrode. A hydrogen-oxygen fuel 
cell equipped with DSK electrodes has produced current densities 
of 600 milliamperes per square centimeter at 0.67 volts when 
operated at 80 °C and low pressure using a potassium hydroxide 
electrolyte. 
Kordesch and Marko (49, 50, 51) began work in 1946 on 
carbon electrodes for fuel cells. They developed a hydrogen-
oxygen (air) fuel cell that used porous carbon electrodes 
catalyzed by metals incorporated in the electrode. The develop-
ment of this cell has led to current densities of 30-50 milli-
amperes per square centimeter at 0.8 volts at low temperature 
and pressure. The life of this cell ranged up to two years in 
1960 (50). 
Many investigators have followed the initiative of Baur 
and Davtyan in attempting to develop a high temperature fuel 
cell. The high temperature fuel cells that have resulted are 
very similar, using a molten alkali carbonate electrolyte, 
porous gas diffusion electrodes, and operating at 500-1000 °C 
and 1-10 atm. 
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The high temperature fuel cells offer a means of utilizing 
the naturally occurring hydrocarbons as fuel, or :possibly the 
products of coal gasification.. Broers and Ketelaar (15, 16, 17, 
18) have performed the most extensive and probably the most 
successful work on high temperature fuel cells (37). Other major 
investigators of high temperature fuel cells are Gorin and 
Rech.t (36, 37, 38, 39), Chambers and Tantrum (20), Douglas and 
Liebllafsky (27, 28, 29, 30), Dezubay (2:6), Schultz (83), and 
other (Appendix B). By 1960, the high temperature cell had been 
operated on fuels such as carbon monoxide, hydrogen~ methane, 
natural gas 1 propane, and kerosene 1 delivering up to 50 milli-
amperes per square centimeter at 0.8 volts with a cell life of 
several months. 
One type of fuel cell that is different from those mentioned 
previously is the Regenerative fuel cell. 'rhis type of cell 
does not use a gas diffusion electrode. It is an indirect cell, 
and uses an intermediate reductant and oxidant that supply the 
electrochemical reactions. The intermediates ,are then regener-
ated externally. There are two types of regenerative cells, 
the chemical regenerative (Redox) and the thermal regenerative~ 
The most significant work on the Redox type cell was done 
by Uideal (65) in 192lj and later by Posner (63) in 1955. The 
Redox.cell has been hampered by the selection of the correct 
intermediatesj and the high internal cell resistance. The 
thermal regenerative cell uses an external heat source to 
regenerate the fuel (21). The efficiency of the thermal cell 
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is restricted by the inclusion of a heat cycle in the regenerative 
process. 
A new type of fuel cell developed in the 1950's by Grubb, 
Niedrach, Liebhafsky~ Cairns, and Douglas (19~ 42, 43i 54 60) 
is the Ion Exchange Fuel Cell. 'rhis cell uses an ion exchange 
resin as the ,relectrolyte, with gas diffusion electrodes. This 
cell operates at low temperature and pressure with hydrogen and 
oxygen as the fuel and oxidant. The cell delivers 30-40 milli-
amperes per square centimeter at 0.20-0.6 volts. Cell life is 
measured in months. 
The most significant exampl 1e of the commercial application 
of fuel cells has been the development of a fuel-cell-powered 
farm tractor. This tractor was exhibited in 1958 by the Allis-
Chalmers Corporation (48). 'fhe tractor was powered by a battery 
of 1008 fuel cells, connected in nine groups containing 112 
cells each. 'rl1e cells operated on a fuel mixture of hydrogen 
and propane i I'id th oxygen. as the oxidant at low temp,era.ture and 
pressure. The cells contained metal catalyzed electrodes and 
either an ion exchange resin or an aqueous potassium hydroxide 
electrolyte. The tractor delivered 65 watt hours/lb, as compared 
to 10 wh/lb for the alkali battery, 15 wh/lb for the lead 
battery, and 56 wh/lb for the Ag/Zn battery (46). There are 
numerous other applications of fuel cell.sin the last few years, 
such as the hollow porous carbon electrode hydrogen-oxygen fuel 
cells of the National Carbon Company used to pmver the Army I s 
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Silent Sentry Portable radar set (2, 81). 
Although there have been several specific applications 
of fuel cells, all must still be considered in the development 
stage. Many industrial and government organizations are 
currently engaged in fuel cell research (2, 57, 77, 84). Fuel 
cell research slowed temporarily when the advent of nuclear 
power made the need for energy efficiency seem unnecessary (29). 
The interest and research applied to fuel cells has been rapidly 
and steadily increasing until at the present time it is at an 
all time high. 
A major concern of fuel cell research is the development 
of a low temperature cell that will operate on naturally occurring 
liquid hydrocarbons. In 1960 Esso Research (72) reported 
promising results with ethane in a low temperature cell. The DSK 
electrodes of Justi (95) have also exhibited encouraging results 
for the low temperature conversion of hydrocarbon fuels. 
Much of the recent research has been in the area of catalyst 
development 1 such ,as that by Young and Rozelle (77). 
The past and current literature on fuel cells is quite 
large. For this reason, many fuel cell developments were not 
discussed in this section, however, an excellent bibliography on 
fuel cells compiled by Adams (1) has been included in Appendix B. 
The original bibliography was complete through 1950 9 and has been 
updated to include 1960. Another excellent reference collection 
on fuel cells ,.vas compiled by Baur and Tobler (8). The 12th, 
13th, and 14th Annual Battery Research and Development conferences 
(79), and. the 136th through 140th National Meetings of the 
American Chemical Society (SO) review the more recent cells. 
It is important to note that the performance data on many 
o:f the early fuel cells reported in the literature are often 
superficial. Often 1 only a certain potential difference was 
measured and the chemical reaction supplying the current was 
54 
not thoroughly investigated. In the majority of cases, the 
current densities reported are short circuit currents. 'fhese 
high current densities result in a pronounced decrease of cell 
voltage and do not accurately represent the cell performance (52). 
Many of the cells mentioned in this chapter are discussed 
in detail in Chapter IV. 
CHAPTE,R IV 
SELECTED FUEL CELL SYSTEMS 
The increased research directed toward fuel cells and the 
progress made in fuel cell technology since just before World 
War II has led to the investigation and development of several 
types of fuel cellso These cells use various fuels, electrolytes 
and cell components, and operate at various temperatures and 
pressures. 
This chapter describes the current status and operating 
characteristics of several selected fuel cell systemso These 
cells were selected to describe the v~rious development stages 
of fuel cells, to outline the various types of cefls, and also 
because of the information available. 
The c~lls are classified according.to the distinguishing 
characteristic that they are most often referred to in the litera~ 
tureo 
Low Temperature and Pressure Hydrogen-
Oxygen Fuel Cells 
This type of .. fuel cell uses hydrogen as fuel and oxygen or 
air as the oxidant. 'Xhe electrolyte is a concentrated alkaline 
solution. The electrodes are porous gas diffusion electrodes of 
carbon or sintered metals. A general illustration of this type 
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of cell was shown in Figure 1. 
K. Kordesch (49, 50, 51) of Union Carbide Conswner Products 
Company and E. Justi (46, 47) of Rhur Chemie in Germany have 
reported the major and most successful investigation of this 
type of cell, although many other organizations are currently 
conducting research on this cell (2, 84)o 
The cells developed by Kordesch and Justi differ mainly 
in the electrode construction and are discussed separately. 
Union Carbide Fuel Cell 
Kordesch and Marko (49, 50'1 51) began investigation on 
methods of activating carbon electrodes for fuel cell processes 
in 1946. Further development has resulted in one of the more 
advanced fuel cell systems existing today (2). 
The Union Carbide fuel cell operates on hydrogen and oxygen 
( or air) at low temperatures ( 20-80°C) and 1 ow 1:iressures 
(1-10 atm.). The cell uses porous carbon electrodes activated by 
metal catalysts. The porous carbon electrodes are the distinguishing 
characteristic of the Union Carbide fuel cell. Porous carbon 
electrodes have many favorable properties. They are inert at 
temper,iLtures up to and exceeding 200°C (50). Many microscopic 
fractures produce pore sizes ranging from 10-3 to 10-7 centimeters 
in diameter. The intern.al surface area of one centimeter cube for 
some types of porous carbon reaches 1000 square meters (2)o 
The major disadvantage of present carbon electrodes is that 
they must be activated by metal catalysts and tend to become 
flooded and to wet (2, 49)o Flooding occurs when the capillary 
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pores become totally or partially filled to such a degree that 
the electrode reactions are hindered. 
One cause of flooding occurs when capillary action due to 
interfacial tension draws the electrolyte into the electrode pores 
reducing the reaction zone area and deactivating the reaction zone. 
For potassium hydroxide electrolytes, Union Carbide has been able 
to establish a semi-permanent three-phase zon~ .. by the use of surface 
active agents to control the interfacial tension between the electro-
lyte and the pore wall (49, 50). 
Another cause of flooding that is coD1Don to low temperature 
hydrogen-oxygen fuel cells occurs at the hydrogen electrode due 
to the water forming reaction (equation 23). The water formed 
during the electrode reaction must be removed either by diluting 
the electrolyte or by surface evaporation through the porous 
electrode by a circulating gas stream (50). If the water dilutes 
the electrolyte, the electrolyte must be regenerated or reconcentrated 
periodically. The water removed in the circulating gas stream must 
be removed in a condenser. If water is formed more rapidly than 
it can be removed by either of these methods, the pores may be filled 
with newly formed water and effectively flood or drown the electrode. 
One ampere-hour of electricity is equivalent to the formation of 
0.33 cubic centimeters of water. 
Flooding because of water formation becomes a major problem 
at high current densities, and currently limits the Union Carbide 
cell to around 100 amperes per square foot of electrode surface 
~ 
for continuous operation (2). By operating four hours and then 
resting the cell for one-half hour, a current density of 250 
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amperes per square foot can be maintained for extended periods (2). 
The anode or hydrogen electrode of the Union Carbide cell is 
activated by metals from the platinum group (50). No hydrogen 
activity is observed on uncatalyzed carbono The mechanisms 
occurring at the anode are 
(22) 
(23) 
The cathode is constructed similarly to the anode. No 
specific metal catalysts are reported for the cathode. However, 
Young and Rozelle (77) report silver to be an active catalyst for 
\ 
the oxygen electrode in an .alkaline electrolyteo 
As indicated in Chapter II, the mechanisms occurring at 
the cathode include the undesired formation of the perhydroxyl ion 
( 64) 
(65) 
Union Carbide has accomplished the decomposition of the 
perhydroxyl ion by the use of catalysts such as Al03 -CoO, CoAl, or 
Fe-Mn-Ag (49, 50~ 51). These catalysts effectively reduce the 
=6 =7 perhydroxyl ion concentration to the range of 10 to 10 
normal by tihe mechanism 
The normal potential of the hydrogen peroxide reaction 
(for 1 N. H2o2 ) is 0.75 volts at 25°C. Union Carbide cells 
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reaclL1 open circuit voltages of lol to lol5 volt~s, 1.:rliicb. i11.rlic tes 
that the perhydroxyl ion formation mechanism contrib tes very little 
to the cell reaction (50). 
A summary of the electrode reactions for this cell follows 
Anode Reaction 
H2(g) ~ 2[1!] 
2 [H] + 20- (aq) ~ 2H20 + 2e 
Cathode reaction 
~ no;(aq) + 01-C(aq) 
OI-C (aq) + 1/2 o2 {g) 








Both the anode and the cathode are treated with surface 
active agents to prevent electrode flooding (49). 
The electrolyte of the Union Carbide cell is a 30 to 60 per 
cent aqueous potassium hydroxide solution. The specific conductivity 
~1 -1 ( ) 
ranges from one to three ohm cm 49 • 
The electrodes may be manufactured in the shape of tubes, 
plates 9 or blocks, but in general plates provide the most economi= 
cal power package (49). Porous carbon electrodes are brittle, and 
are limited to 1/16 to 1/8 inches in thickness (2). Perforated 
metal plates are used to add structural strength. 
Operation of the Union Carbide cell on air limits the 
current densities to around 50 am1J1eres per square foot (2). 
This is due primarily to the accumulation of inert gases in the 
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cathode pores which limits the transport of oxygen to the reaction 
zone. One method to improve the hydlrogen-air cell has been a 
concentric tube design shown in Figure 9. The design provides a 
maximuim electrode surface for the air electrode. 
One example of a Union Carbide fuel cell system is a 28 volt 
battery consisting of 35 fuel cells. The unit is 6 x 6 x 17 inches 
and weighs approximately 50 pounds. The unit is rated at between 
150 to 20~watts at atmospheric pressure operating on air, and 
between 600 to 1000 watts at 45 psig operating on oxygen (2, 49). 
The only life limiting factor of this cell appears to be 
the wettability of the carbon electrodes which increases with 
extended operation (50) •. Cell lives of from one to two years at 
30 to 50 amperes 1Jer square foot of electrodle surface at 0.8 
volts have been attained. 
Table III lists the general operating characteristics of the 
Union Carbide fuel Cell (2, 57)~ 
Justi Metal Electrode Cell 
Justi (46) has developed a "Double Skeleton Catalyzedn (DSK) 
hydrogen electrode for use in hydrogen-oxyge~ fuel cells operating 
at 80 to 90 C and a few atmospheres pressure in a potassium hydrox-
ide electrolyte. 
'rhe DSK electrode combines the high activity and insensitivity 
to impurities of Raney Nickel catalyst powder with the mechanical 
strength and electricil conductivity of a normal sintered metal 
electrode. The oxygen electrode has a similar design and is 
made from silver or nick.el into which a highly active silver 
catalyst is imbeddedo 
The hydrogen electrodes are made by f~rst alloying nickel 
and aluminum (or zinc) in equal parts and pulverizing the 
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brittle alloy. The powder is then mixed with 5 A nickel carbonyl 
powder (2 carbonyl: 1 nickel-aluminum alloy)o The mixture is 
then pressed and sintered at 650 to 700°C for one-half hour. The 
inactive aluminum or zinc is then removed electrochemically with 
1:,otassium. hydroxide at low temperature (~rn, 47). The high 
activity of the Raney Nickel is due to the 3d shell electron 
vacancies previously occupied by the alumintm1 or zinc (46). This 
procedure produces a macro-skeleton of pressed and sintered 
carbonyl grains. The micro-pores of the supporting skeleton 
contain catalytically active Raney Ntckel. 
A unique feature is claimed for these electrodes. All pores 
of the electrodes are of approxiniately the same size because of the 
special manufacturing processo The electrodes so constructed con-
tain about 105 pores per square centimeter of electrode area. 'fhe 
pores are of very unifonn diameter. These equilibrium pores pre= 
vent bubbling of the gas into the electrolyte because of random 
sized pores (46). 
One intermediate step due to the active electrodes is the 
formation of a metastable nickel hydride (Ni-B)o This mechanism 
results in the cell ha.ving a fuel storage capacity in the form of 
the.Ni-Band the cell will produce current for some time after the 
fuel supply is discontinued. The storage capacity of the DSK 
hydrogen electrode is 125 ampere-hours per pound of electrode (45). 
Because of this storage capacity, it is possible to discharge 
the DSK hydrogen electrode at current densities up to 700 
amperes per square foot of electrode area for some time 
during peak current demand periodso 
Justi has studied other applications of his DSK electrodes 
using metals oth,er than nickel. Most of this work is in the 
early development stage and few results are known. Some of 
the systems studied include alcohols and heavier paraffin 
hydrocarbon liquids mixed with the electrolyte~ The active 
DSK electrodes dehydrogenate the fuel to allow hydrogen to 
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react electrochemically with the electrolyte. Only very low 
current densities and cell lives of a few hours have been achieved 
(46). 
Very little operating data are available on this celL 
In construction it is similar to the Union Carbide cell with the 
exception of the electrodes. Figure 10 shows a current-voltage 
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Intermediate 'remperature 2 High 
Pressure Hydrogen-Oxy,;en l<'uel Cell (Bacon Cell) 
'rhe intermediate temperature, high pressure fuel cell was 
initially developed by Bacon (5, 6, 7). Bacon began investi-
gation of this type of cell in 1932, and by 1957 had success-
fully developed. a high current density cell which operated at 
about 200°C and 400 psia on hydrogen and oxygen. Many other 
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organizations including Leesona, Patterson Moos, and United Air-
.craft are currently working on this type of cell (2, 46, 57). 
The electrodes are the major success of the Bacon cell. 
The intermediate temperatures increase the reaction rates, but 
require high pressure to keep from vaporizing the electrolyte. 
The high operating pressure makes it difficult to maintain a 
stable reaction zone. Bacon has minimized this difficulty by 
the use of dual porosity electrodes. The electrodes are constructed 
of porous sintered nickel with approximately 30 x 10-4 centimeter 
diameter pores on the gas side and 5 to 10 x 10-4 centimeter 
dia1meter pores on the electrolyte side. Figure 11 illustrates 
the Bacon dual porosity electrodes (2). Large differential 
pressures between the electrolyte and the gas are required for 
the interface to move from the small pores to the large pores 
(equation 20). These dual porosity electrodes make it possible to 
maintain a stable gas-liquid-solid. interface at the high operating 
pressures o 'fhe electrodes are sintered on a 1/16" steel per-
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Figure 11 
Bacon Type Electrode 
4 - 8 Micron 
The electrode mechanisms are identical with those of the 
" 
Union Carbide Cell 9 (46)o 
The first Cell, developed in 1938, used activated nickel 
gauze electrod.es in a potassium hydroxide electrolyte. The 
results were only fair. At that time, Bacon also investigated 
platinum, palladium, ~ilver, and copper for electrode materials 
but discarded these in favor of nickel (5)~ Nickel electrodes. 
were chosen because of superior performance during current 
drain, low cost, and good corrosion resistance. 
The coarse pore layers of the hydrogen electrode are of 
Grade B carbonyl nickel powder (2 to 3 micron) mixed with about 
2.0 per cent .by weight 100-240 ,mesh ammonium bicarbonate which 
acts as a spacing agent. The mixture is pressed lightly and 
sintered for one=half hour at 850°C in a reducing atmosphere. 
The fine pore layer is then applied as a suspension of grade A 
carbonyl nickel powder (4 to 5 micron) in alcohol, then sin-
tered for one-half hour at 800°C (5)o 
The hydrogen electrodes are activated by impregnation 
with a strong nickel nitrate solution, followed by roasting 
in air at 400°C, and then reduction in a hydrogen atmosphere at 
about 400°Co The coarse pore layers of the oxygen electrodes 
are of grade D carbonyl powder (7 to 9 micron) mixed with 15 
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to 20 per cent by weight 100-240 mesh ammonium bicarbonate. The 
mixture is pressed and sintered for one-half hour at 1000 to 1150°C 
in a reducing atmosphereo The fine pore layer is applied as a 
suspension of grade A carbonyl nickel powder (4 to 5 micron) and 
then sintered for one hour at 950 to 1000°C. 
The oxygen electrodes are impregnated with a dilute lithium 
hydroxide solution and then pre-oxidized in air at 700 to 800°C. 
A standard procedure for activating the oxygen electrode has not 
been established. 
Serious difficulty originally arose due to gradual corrosion 
of the oxygen electrodes. This corrosion caused a decrease in cell 
performance and finally a complete cell breakdown. 
Samples of nickel pre-oxidized in air at 800°C were found 
to be extremely resistant to corrosion in a strong potassium 
hydroxide solution, but the green oxide layer formed during 
preoxidation acts as an electrical insulator. When lithium atoms 
are included, pre-oxidation produces a black double oxide of 
nickel and lithium which acts as a semiconductor. 
Using this corrosion prevention technique, oxy~en electrodes 
have been in operation for as long as 1500 hours at 200°C without 
failure and with very little reduction in cell performanceo 
Corrosion inhibitors such as potassium silicate or potassium 
alurninate dissolved in the electrolyte were successful in pre-
venting corrosion but greatly reduced the cell performance. 
The body of the Bacon cell is of steel, internally coated 
with nickel. Figure 13 shows an illustration of a Bacon cell. 
Figure 12 presents a current-voltage curve of a Bacon type cell. 
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Intermediate Temperature - Low Pressure· 
Fuel Cell 
An intermediate temperature low pressure fuel c,ell that 
operates on hydrogen and oxygen (or air) between 125 and 200°C 
and at1 atmospheric pressure has recently been reported by 
Elmore and Ta~ner (32)o 
Elmore and Tanner have investigated two cells, one using 
an alkaline electrolyte and one using an acidic electrolyte. 
Both are in an early experimental stateo 
The Alkaline Cell 
The alkaline cell contains a paste electrolyte, consisting 
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of 40 lJer cent sodium hydroxide, 40 per cent potassium hydroxide 
and 20 per cent calcium hydroxide. At the intermediate operating 
temperatures, this electrolyte retains only enough water to possess 
good electrical conductivity and rejects the remainder as vapor. 
There is no ,appreciable volwne change due to this small water 
absorption. 
The hydrogen electrode is palladium foil, 0.0005 inches 
thick. The oxygen electrode is a porous metal of silver powder 
with a du Pont 30 Teflon dispersion. The treated nickel powder 
is packed between two silver screens separated by a teflon 
gasket. The electrodes are separated by a teflon gasket. Figure 
14 is a diagram of the alkaline cell, and Figure 16 shows a 
current-voltage curve. 
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The Acid Cell 
The acid electrolyte cell uses a paste electrolyte of 
35 per cent phosphoric acid and 65 per cent silicon dioxide. 
Unlike sulphuric acid, phosphoric acid is not reduced elect-
rochemically under the cell operating conditions. 
The electrodes are either platinum or palladium powders 
with a teflon dispersion. The catalyst dispersion is bonded on 
porous carbon electrodes. This type of cell has been operated 
continuously for six months at 90 milliamperes per square centi-
meter and 0.25 volts with no apparent cell deterioration. 
Figure 15 shows a diagram of the_ acid cell. Figure 16 
presents voltage current curves for these two cells. Several 
other organic fuels were used in the acid cell which resulted in 
about one-half the p~rformance of hydrogen. These fuels were all 
reported to be oxidized to hydrogen which reacted electrochemically. 
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Ion lli!:xchange Membrane Fuel C:ells 
Hydrogen oxygen fuel cells based on an ion exchange 
electrolyte were first described by Grubb (42) ... in 1957. In 
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1959 the General Electric Company began development of this type 
of cell and ha.ve made considerable progress under t.he direction 
of Niedrach'l Cairns, and Dm1glas (19, 43, 60). 
'l'he ion-exchange fuel cell is similar to the standard 
hydrogen-oxygen fuel £ell with the exception that the liquid 
electrolyte is replaced by an ion-exchan1;e resin membrane. 'fhe 
essence of the ion-exchange uiembrane is the bonding of thin layers 
of electrode material and catalyst on the surfaces of the membrane 
electrolyte. The electrolyte is a thin sheet (0.03 inches) of a 
phenolsulfonic acid-formaldehyde membrane on a polyethylene 
matrix ( 2, 19). 'fhe cell is enclosed lb et ween 1 uci te plates. 
A favorable characteristic of this type of electrolyte resin 
is that it has a definite water saturation and absorbs only a 
limited quantity of the water produced by the electrode reactionso 
After reaching the s~turation limit, excess water is rejected 
through the porous electrodes. This limited water saturation 
gives the resin electrolyte an advantage over aqueous electrolytes 
which tend to become diluted when operated over an extended period 
of time. 
The electrodes for this cell consist of thin layers of 
porous sintered nickel treated with platinum or palladium. 'The 
platinum and palladium catalyze the electrode reactions. Catalyst 
loading~ are in the range of 0.003 to 0.022 grams of catalyst per 
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square centimeter of electrode surface (19). The cells exhibit 
a definite catalyst saturation point at which further addition of 
catalyst produces no increase in cell performance other than that 
caused by decreased electrical resistance in the electrode 
material (19). 
The ion exchange resin in this cell is acidic in nature and 
ionized hydrogen is transported across the electrolyte. This 
causes the m~ter formation reaction to occur at the oxygen 
electrode which is the reverse of the aqueous alkaline electro-
lyte cells. The electrode reactions for this cell are: 
Cathode H2(g) 
..<-- 2 [H] (22) -r 
2 [H] ~ 2 H+ + 2e (74) 
1/2 02(g) .L_ [o] (64) -Anode 
[o] + .,_ H2o (75) + 21-I + 2e ----,-
Overall H2(g) + 1/2 o2 (g) =;H20 (73) 
An advantage of the water formation occurring at the oxygen electrode 
is that when air is used as the oxidant hig·h circulation rates may 
be obtained to evaporate the water at a minimum of costo 
Ion exchange membrane fuel cells operate at low temperature 
(25°C) and atmospheric pressureo Air operation does not reduce 
the }Jerformance significantly from that obtained with pure oxygen, 
but only low current densities are obtained (191) o 
A major problem area of this cell is the electrode-electrolyte 
bondingo 'I'he :properties of the resin which can be readily measured 
do not necessarily give an accurate index of the performance of the 
resin. in th,e fuel cell. In addition to the properties such as water 
saturation, physical strength, and electrolyte resistivit~ the 
bonding properties of the electrolyte to the electrode and the 
catalyst are major factors in determining the cell performance. 
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While little is known about the membrane-catalyst electrode 
reaction mechanisms in this type of cell 9 it is believed that the 
resistance to ion transfer between the reaction zone and the 
membrane may be the controlling factor preventing operation at 
higher current densities (2). 
The main life limiting factor for this cell is the degradation 
of the resin. lhis is thought to be due to oxidation of low molecu-
lar weight components in the resin (19). After extended operation 
the degradation eventually causes the electrolyte to develop a 
pinhole which causes cell failure. General Electric has operated 
this type of cell continuously for more than 100 days with no 
sign of deterioration. 
Figure 17 shows a general diagram for an ion exchange cell. 
Operating characteristics of an experimental cell are given in 
Table VI. Figure 18 is a current voltage curve for an experimental 
cell. 
The General Electric Company has developed a portable power 
pack for the United States Anny which u.ses this type of cell (57). 
The p01.ver pack is fueled b~r a metal hydride hydrogen generator. 
Incl udini; the hydride source~ the total weight of the 1Jack is less 
than 25 pounds. It is rated at 30 watts. No other information is 
available on this power pack. 
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Dissolved-Fuel Fuel Cell 
Justi (25, 46) several years ago undertook research on 
fuel cells where liquid fuels would be dissolved in the cell 
electrolyte. Justi suggested the use of such fuels as methanol, 
diesel oil, and other light hydrocarbons (2, 46). Justi has 
attempted to use his DSK electrodes for this type of cell, the 
scheme being that the highly active DSK electrodes dehydrogenate the 
liquid fuel to allow hydrogen to react electrochemically with the 
electroltye. Only low current densities and a life of a few 
hours have been achieved (46). 
More recently, Monsanto Chemical Company and Esso Research 
and Engineering have undertaken similar but independent research 
programs (2). 
Although practical cells have not been obtained, fuel electrode 
experiments with dissolved methanol and ethane have been encourag-
ing. This success has been due largely to the development of 
effective fuel and oxidant catalysts (2). 
Esso Research and :Engineering has recently shown that a 
saturated hydrocarbon, in particular ethane, can be. oxidized 
electrochemically to carbon dioxide at relatively mild temperatures 
and pressures (?2)o Table VII shows results of the oxidation of 
ethane to carbon dioxide in an aqueous electrolyte (72)o 
The results shown in Table VII indicate that a large per cent 
of the fuel and oxygen consumed are used for the electrical energy 
producing reaction and th.at the amount of electrical current is 
very close to the theoretical. Studies at Monsanto Chemical, Company 
!1ave shown similar results with methanol (2); 
No operating data on these experimental fuel cells are 
available at the present time (2, 72). 
In a dissolved-fuel fuel cell, the fuel is mixed in the 
electrolyte. The fuel electrode could be a flat plate or 
porous plate impregnated with the catalyst while the oxygen 
electrode is a standard gas diffusion electrode. These cells 
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are in the early experimental state, but show good promise because 
of cheap fuel and moderate operating conditions. 
TABLE VII 
ESSO DISSOLVED-FUEL 
FUEL CELL (72) 



















Regenerative Fuel Cells 
Regenerative tyJJe fuel cell systems are those in which the 
reactants a.re continuously regenerated from the products formed 
during the cell reaction (57). There are two types of regenerative 
fuel cells~ the chemical regenerative and the thermal regenerative. 
The Chemical Regenerative (Redox) 
The chemical regenerative or Redox fuel cell employs an 
intermediate reductant and oxidan.t which are chemically regenerat.ed 
in an external cycle by the lirimary fuel and oxidant. The inter-
mediate reductant in a liquid electrolyte reacts at the anode in 
the conventional manner. After the electrochemical reaction the 
reaction products are passed thrm.:ai~h an external circuit in which 
the reaction products are reacted with the primary fuels to reform 
the intermediate reductant. A similar procedure is followed by 
the intermedi1c1te and prim.ary oxidant. 
Figure 19 illustrates a chemical regenerative fuel cell 
system (57i 84). The theoretical mechanisms occurring in this 
system are (84): 
Anode: (HCL electrolyte) 
"' +2 ...,__ Sn+4 on -r + 2e 
Anode Regeneration Process 
+4 Sn C +2; + ,:m + .2H 
(76) 
(77) 
Over~ll Anode Reaction 
H ( g) ·~ 2H+ + . 2e 
2 
Cathode: (RBr electrolyte) 
Br2 + 2e ~ 2Br 
Cathode Regeneration Process 
Overall Cathode Reaction. 
'JJff+ •• 









To obtain proper operation of this cell, continuous recycling 
of the intermediate reductant and oxidant is necessary. Also, a 
method of removing the products of the overall cell reaction is 
required. 
The two electrolytes used for this type of fuel cell are 
cmmnonly referred to as the c.atholyte and the anolyte ( 49, 57) o 
The catholyte is the electrolyte containing the intermediate oxidant 
and the anolyte contains the intermediate reductant. The anolyte 
and catholyte are physically s,eparated by an ion-exchange membrane 
which allows tb.e 1ui ion of a particular ion but does not allow 
mixing the two electrolyteso 
Early investigators of this type of cell were Rideal (66) 
in 1921 and later Posner (63) in 1955. The major difficulties 
of this cell h.ave been the selection of .suitable intermediates, 
electrolytes and membranes (49, 82)o The multiple mechanisms 
that occur in this type of cell system increase the difficulty 
of finding suitable components. 
The electrodes of this cell are inert (50). They are con-
structed of porous metal (platinum, nickel) or carbon. 
Current work on this cell is being done at Kings College, 
London and the General Electric Company (50, 57). 
The General Electric Company has developed a chemical 
regenerative fuel cell using titanous-titanyl and bromine-
bromide couples (50)o '!'he anolyte is hydrogen chloride and the 
catholyte is hydrogen bromide. The primary fuel is hydrogen. 
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The primary oxidant is oxygen and N02 • The electrodes are graphite, 
catalyzed by palladium black. The cell operates at low temperatures 
and pressures. 
The primary advantage of this type of cell is the ability 
to operate on impure hydrogeno Also the elimination of an 
alkaline electrolyte which avoids contamination by carbon dioxide, 
and the use of air as the primary oxidant. 
The operating characteristics of the General Electric 
chemnical regenerative fuel cell are shown in Table VIII. 
The Thermal Regenerative Fuel Cell 
The thermal regenerative fuel cell differs from the chemical 
regenerative fuel cell in that the reactants are continuously 
regenerated by thermal rather than chemical action. 
The Mine Safety Appliance Research Corporation is the only 
organization to report results on this type of cell (21, 57). 
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The thermal regenerative cell of the Mine Safety Appliance 
Research Corporation uses metal hydrides as the fuel and oxidant. 
The electrolyte is a metal fluoride and metal chloride eutectic 
mixture. The metal hydride is formed in the fuel cell by the 
electrode reactions and is then cycled to an external thermal 
generator in which the hydride is decomposed to the metal and 
hydrogen. 'fhe 1111etal. and gaseous hydrogen are then recycled to 
the cell. The mechanisms occurring are 
Anode 
2 M ~ 2 M+ 
Cathode 
+ 2e 
H2 (g) + 2e ~ 2H-
Overall Cell Reaction 
2 M + H2 ( g) -=;; 2, MH 
Regeneration Process 





Mine Safety Appliance has operated thermal regenerative cells 
using lithium, sodium, potassium and calcium hydrideso The 
electrolytes have been molten eutectic mixtures of lithium 
chloride=lithium fluoride, lithium chloride-potassium chloride, 
and various other alkali metal halide electrolytes (21). 
Figure 20 is an illustration of a Mine Safety Applicance 
thermal regenerative cell operating on lithium hydrideo 
The hydrogen electrode (cathode) consists of a porous 
gas diffusion metal electrode. Stainless steel and nickel have 
both proven successful as hydrogen electrodes. The anode or the 
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alkali metal electrode consists of the metal itself supported by 
a stainless mesh. 
This cell operates in the temperature range of 400°C and 
the regenerator in the range of 850°C depending upon the :particular 
hydride usedl. Decomposition temperatures of several hydrides are 
given in Table IX. 
The major disadvantage of this type of fuel cell is the 
inclusion of a heat engine in the regeneration cycle. This heat 
cycle is necessarily governed by the Carnot Cycle Efficiency which 
must be included in the overall fuel cell system efficiency. The 
fuel cell efficiency is distinct from the ~egenerator or the 
overall efficiency. 
The inclusion of the heat cycle decreases the attractiveness 
of the thermal regenerative fuel cell and reduces the overall 
efficiency to ranges that are obtained by conventional means 
(57). Table X lists the operating characteristics of the J.IHne 
Safety Ap,pliance fuel cello 
TABLE IX 
HYDRIDE DECOMPOSI'rION TEMPERATURES A'l' ONE ATMOSPHERE 
Hydride Formula Decomposition Temperature 
oc 
Li thimn Hyd.ride LiH 850 
Sodhw Hydride NaII 425 
Potassium Hydride KH 430 



































Operating Temperature (°C) 
Operating Pressure (atm.) 
Open Circuit Voltage (Volts) 
Operating Voltage (Volts) 
? 
Current Density (Amperes/ft~) 
Power to Weight Ratio 
(Watts/Lb) 










Molten Lithium IEalides 
450 Cell (850 Regenerator) 
1 







Consmnable Electrode Fuel Cells 
The consumable electrode fuel cell is based upon the con-
tinuous conswnption of materials which function in the dual 
capacity of both fuel and anode. Most units combine one con-
sumable electrode, a liquid electrolyte and a gas diffusion 
electrode, although other arrangements are possible. 
M. W. Kellogg, Union Carbide, Aerojet General, RCA, and 
Armour Research are conducting research on this type of cell 
(2, 57). There is no question regardin~ the feasibility of 
these cells (57). 
The S0diwru1 Amalgam Fuel Cell 
The sodium amalgam fuel cell was originally developed at 
Western Reserve University in 1953 (2). Union Carbide and the 
M. W. Kellogg Company have reported the most advanced cells 
( 2, 57, 58). 
The sodiwn amalgam fuel cell uses sodium as fuel and oxygen 
or air as the oxidant. The sodium is introduced to the cell as 
a dilute sodiurn~mercury amalp;am to reduce the hi reactivity of 
sodium. The sodium amalgam electrode consists of a flat stain-
less steel plate down which a thin layer of the sodium amaltam 
flows. The oxygen electrode is a standard porous gas diffusion 
electrode of carbon or sintered metal powder. The electrodes are 
separat 1~d by an aqueous sodium hydroxide electrol tye. Figure 21 
is a sketch of an M. W. Kellogg fuel cell (58). 
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The electrode mechanisms occurring in this cell are (57, 58)~ 
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Anode 
4 Na + 4e (86) 
Cathode 
(87) 
Overall Cell Reaction 
(88) 
Water is consumed in the cell reaction and must be continuously 
supplied to the cell. Sea water has proven satisfactory for 
this purpose (57). 
A major disadvanfage of this cell is the elaborate methods 
required to add the raw sodium to th.e merci1ry. 
Aerojet General has developed a similar cell using zinc as 
the anodic fuel, chlorine gas as the oxidant, and sea water as 
the electrolyte (2, 57). 
Operating characteristics of the Union Carbide sodium 
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Allis Chalmers Low Te~perature and 
Pressure Hydrocarbon Fuel Cell 
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Allis Chalmers, Union Carbide, and other organizations have 
developed low temperature fuel cells capable of using hydrocarbon 
fuel mixtures (2). Allis Chalmers has reported the most successful 
results for this type of fuel cell. 
In October of 1959, Allis Chalmers exhibited an experimental 
fuel cell powered farm tractor (48). This event represented the 
first successful attempt to construct a practical vehicle powered 
by fuel cells. 
The tractor was powered by 1008 fuel cells. The cells were 
arranged in 112 units. Each unit contained nine fuel cells, 
weighed approximately 17 pounds, and was approximately 12 x 12 x 2 
inches. Each unit was encased in an epoxy resin material. The 
cells of each unit were connected in parallel. Each cell was 
capable of delivering 20 airnperes at 0.7 volts and each unit 180 
amperes at 0.7 volts (44, 48). 
The units of the power plant were arranged in four bahks of 
28 units each. The 28 units in each bank were connected in parallel 
for gas flow and in series for electrical flow. Separate intake· 
and exhaust manifolds were supplied for each bank of units. 
The electrical connections from each bank were connected. to 
a controller and relayed to a 20 hp D. C. electric ·motor. The 
controller provides different speeds by making various parallels 
and series connections of the four banks of units, which resulted 
in a performance range of 360 amperes at 40 volts to 180 amperes 
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at 80 volts (47). 
The fuel for the tractor was a mixture of gases~believed to 
be hydrogen and propane ( 2, 46). 'fhe oxidant was bottled commercial 
oxygen althou1§.·h the cells have operated on air. Gas was introduced 
to the cells at a pressure of about 1/2 psig and an equilibrium 
temperature of about 140°F was reached (48). Excess fuel gas 
was used to expel water formed the cell reactions. 
Energy efficiencies of 50 to 60 per cent were obtained based 
on fuel B'rU input versus electrical BTU output. The tractor 
delivered about 65 watt hours per pound, as com:pared to 10 watt 
hours per pound for the alkali battery, 15 watt hours per pound for 
the lead battery·, and 56 watt hours per pound for the silver/zinc 
battery (46). The power plant alone weighed 2000 pounds, however 
no attempts were made to limit the total weight. 
There is very little information available on the details 
of the individual fuel cells. It is believed that the electrodes 
were porous nickel, and the electrolyte either an aqueous potassium 
hydroxide absorbed in an asbestos matrix or an ion exchange resin 
(2, 4-6). 
Table XII lists the available operating characteristics 
of the Allis Chalmers fuel cells. 
Allis Chalmers is continuing research on :fuel cells and the 
next vehicle planned is a 4000 pound fork lift truck (48). 
TABLE XII 
OPgRA'l'ING CHAR.ACT:!i:RISTICS 
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High Temperature Fuel Cells 
High temperature fuel cells operating in the temperature 
range of 500 to 900°C on gaseous fuels have been developed 
largely since World War I. The most devoted of the early 
investigators of this type of fuel cell were Baur and Pries 
(8, 9, 10) and later Davtyan (25). 
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Baur and Pries constructed a fuel cell using solid electro-
lytes. Their electrolytes were based on the Nernst Mass (85% 
Zr02 , 15% Y2o3 ) and similar mixtures (18). Davtyan also used 
a solid electrolyte consisting of monazite sand, sodium carbonate, 
soda glass, tungsten oxide, and clay. 
The fuel cells of Baur, Pries, and Davtyan failed to pro-
duce promising results. This failure was primarily due to the 
electrolytes, which failed to possess sufficient electrolytic 
conductivity at reasonable temperatures and did not prove to be 
invariant against the reducing action of the coke or fuel gases 
such as hydrogen and carbon monoxide {18). These solid elec-
trolytes were later found not to be true solid ionic conductors, 
but owed their conductivity to the presence of low melting 
eutectics in a solid porous matrix (21). The Davtyan cell also 
used reducible iron electrodes which catalyzed the formation of 
carbon and caused the further complications (18, 21). 
Since the work of the early investigators, many others have 
undertaken the task of developing an efficient high temperature 
fuel cell. The main reason for the interest shown in this type 
of cell has been to eliminate large activation polarization 
losses associated with low temperature cells. Also, the high 
operating temperatures make it possible to use low cost fuels 
such as the naturally occurring hydrocarbons, coal or their 
by-products which are unreactive at low temperatures. 
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There are several organizations and investigators currently 
working on high temperature fuel cells (2, 84). The more recent 
investigators include Broers and Ketelaar (15, 16, 17, 18), Gorin 
and Recht (36, 37, 38, 39)~ Chambers and Tantrum (20) 1 Douglas 
(27, 28, 29), Skelcher (70), and DeZubay (26). In general, all 
of the current high temperature fuel cells are similar. 
The ideal electrolyte for a high temperature fuel cell 
would be a solid. ionic oxide with anion conductance (20). 
However, all of the oxides with well marked ionic structures have 
very high melting pointso It is only at temperatures near their 
melting point that they sh.ow any reasonable ionic conductance (20). 
'fhe next best thing to a pure oxide electrolyte is an electrolyte 
which transports oxygen containing ions. 
A necessary demand for 1 ong-term operation. of high temperature 
fuel cells is that both the electrolyte and. the electrodes remain 
invariant (17) o This demand was not met by the cells of Davtyan al'ull 
Baur (17). 
Molten aHtali carborn.ite electrolytes have been found to be 
the lH,st adapted electrolytes for high temperature fuel cells 
(17, 20, 2;6 9 27j 37). Decomposition of the fused carbonate by 
the action of carbon dioxide is impossible and concentration 
polarization at the oxygen electrode can be reduced by supplying 
carbon dioxide to the cathode (17). With carbonate electrolytes, 
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the transfer of oxygen ions takes place in the form of carbonate 
ions. 
Two methods of retaining the electrolyte between the elec-
trodes have proven satisfactory (17, 20). One method is to impre~-
nate a porous magnesium oxide disk with the electrolyte. The 
porous disk has pore sizes of about 25 microns in diameter and 
the electrodes have pore sizes of about 160 to 270 microns. 
Another method is to construct dual porosity electrodes similar 
to the Bacon electrodes (Figure 11). For this type of electrode 
the C?arse pore sizes on the gas side are 160 to 270 microns 
in diameter and the fine pore sizes on the electrolyte side are 
75 to 140 microns in diameter. Both methods produce very similar 
cell performances (20). 
The electrodes in high temperature fuel cells are either 
metal I)Owders supported by gauzes of the same material or porous 
sintered metals (2 1 17, 20, 57). The materials used provide 
catalysis of the desired reactions. Table XIII. lists several 
materials that have proven satisfactory as electrode materials. 
J.i'igures 22 and 23 are diagrams of experimental fuel cells of 
Broers ,cc.nd Ket,elaar (1'7) ~ and Chambers (20). 
A primary goal of high temperature fuel cells is the use 
of carbonaceous fuels. With all carbonaceous fuels there is the 
danger of solid carbon deposits (17, 20, 37). 
The formation of carbon from carbon monoxide is catalyzed 
specifically by iron oxides and reducible iron compounds. When 
these materials are not used in the cell, no trouble is exper-
ienced (20). 
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With hydrocarbon vapors, carbon may be deposited by thermal 
cracking. This occurs with propane but not methane or kerosene, 
and has been effectively eliminated by adding steam or carbon 
dioxide to the fuel gas (17, 20). 
TABLE XIII 





Kerosene - Water Nickel 
Methane - Water Nickel 
Propane - Water Nickel 
Ethane - Water Nickel 
Carbon Monoxide Platinum 
Nickel 
Cobalt 
Oxygen-Carbon Dioxide Silver 
Silverized Oxides 
High temperature fuel cells have been operated on a variety 
of gaseous fuels such as carbon 1nonoxide, hydrogen, .methane, 
ethane, propane, kerosene, natural gas, and coal gas (17, 20, 37). 
The use of hydrocarbon fuels in high temperature fuel cells is 
enhanced by the combination of high temperatures, water vapor, and 
a nickel catalyst (17, 20). This combination promotes a multitude 
of reforming reactions in which hydrogen is formed (70). Tb:e pro-
duction of hydrogen in the cell is an advantage since hydrogen is 
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the most gal vanicall3r reactive gas. Also, the diffusion coefficient 
of hydrogen is 5 to 8 times greater than that of carbon monoxide 
or methane (17, 74). Because of this reforming characteristic 
and the faster transJJort properties of h;ydrogen, the principal 
electrochemical reaction for mixtures of hydrocarbons, carbon 
monoxide, hydrogen, and water vapor will be the oxidation of 
hydrogen (17, 20). The general reactions that will occur in a 
hi temperature cell of this type are 
Reforming Reactions 
CnH2n+2 (g) + .2n H20(g) :=::;; nC0 2 (g) + (3n+l) •• 




CO(g) + co; ~ 2C02 (g) + 2e 
Overall Electrochemical Reactions 
CO(g) + 1/2 o2 (g) =;;: C02 (g) 
H2 (g) + 1/2 o2 (g) "=;; H20(g) 
co= 
3 









The development of high temperature fuel cells has been 
delayed by a number of problems associated with this type of 
cell (5?). These problems affect both the performance and 
105 
operational life of the cells. 
The high operating temperatures essentially eliminate 
activation polarization. However, high internal cell resistance 
and concentration polarization currently limit the current 
densities of high temperature cell to about 60 amperes per 
square foot of electrode surface (2). 
Several investigators have reported that internal cell 
resistance of an operating cell is much larger than that pre-
dicted by resistance measurements of the cell components (17, 
20, 37). The internal cell resistance during operation is fre-
quently 7 to 10 times greater than that predicted (37). This 
high cell resistance during operation has been attributed pri-
marily to poor electrode-electrolyte contact (37). Figure 23 
illustrates the large reduction in cell performance due to 
internal cell resistance (17)o 
Concentration polarization becomes a problem at high 
current densitieso This is of particular importance in high 
temperature fuel cells operating on hydrocarbon or carbon 
monoxide fuels because of the formation of carbon dioxide 
at the fuel electrode. To reduce this, high fuel circulation 
rates must be used resulting in decreased fuel conversion 
efficiency (18). The effects of concentration polarization 
have been greatly reduced by adding water vapor to the fuel to 
promote hydrogen formation but is still a factor at high 
current densities. Figm~e 24 illustrates the effect of 
adding water vapor to carbon monoxide feed of a fuel cell (17). 
106 
A more serious problem of high temperature fuel cells is the 
short operational life (57). The cell life of high temperature 
fuel cells is currently limited to about six months primarily 
because of corrosion and electrolyte degradation (17, 57). 
Corrosion is a problem because of the extreme corrosive 
conditions encountered at high temperatures ,,vith molten electro-
lytes. The molten electrol;1rtes are very reactive substances and at 
high temi:Jeratures deteriorate all known gasket materials (2). 
Electrolyte deterioration occurs gradually because of 
direct vaporization of carbon dioxide 1 lithium oxiclle, sodium oxide, 
and potassium oxide (17). Also, the reactions of the electrolyte 
with the gi:1sket material and cell component1:5 change the electro-
lyte compositiono 
All of these effects combine to reduce the cell performance 
during continuous OJperation. As a result of corrosion and electro-
lyte loss, gas le~cs occur, and electrode-electrolyte contact is 
reduced until the cell fails (2, 17, 20, 57). Figure 23 shows 
the increase in internal cell resistance of an experimental fuel 
cell as a function of time (18). 
Figures 2Ll 1 25, and 26 show performance data of several 
:fu.els. Table XIV lists the general operating characteristics 
of the high temper~ture cell of the Consolidation Coal Company 
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Methane and Kerosene Fuels in High Temperature Fuel Cells 
TABLE XIV 
OPERATING CHARACTERISTICS 







Operating 'femperature ( °C) 
Operating Pressure (at~.) 
Open Circuit Voltage (Volts) 
Operating Voltage (Volts) 
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Power to Weight Ratio 
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The cost of electrical power that can be produced by fuel 
cells is uncertain. Fuel cells have not been developed to the point 
where this cost can be reliably estimated (55). However, Adams (2) 
has compiled a thorough ·cost analysis for fuel cell systems. This 
cost analysis though thorough, is at best an estimate, based on 
several assumptions regarding future fuel cell developments. The 
cost figures presented by Adams represent fuel cell performances 
that ar1e not attainable at the present time. Al though this cost 
analysis is an estimate, it does provide an indication of what 
power costs can be expected from fuel cells in the future assimdng 
the cells are developed. 
The only cost factor that can be estimated reliably are the 
theoretical minimum energ·y costs, and even these are uncertain 
because purity has such a large effect on fuel prices. Also, 
whether hii;h purity oxygen or air is used as the oxidant can 
effect power cost by several magnitudes. 
TaTole XV lists several fuel costs for potential fuels. Table 
XVI ·shows a comparison of the theoretical minimum energy costs of 
these fuels. Tables XVII and XVIII list some expected cell costs, 
based on large scale manufacturing (2). 
Discussion 
The fuel cells described in this section represent the 
various development stages of the major current fuel cells. As 
is evident from the review of these cells, many problems remain 
to be solved before fuel cells are to 1become competitive with 
conventional power sources. None of the current cells satisfy 
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all of the desirable characteristics outlined in Chapter II. The 
major problem fa.cin1; fuel cells today is obtaining a satisfactory 
cell life at practical or desired power outputs, operating with an 
economic fuel and air. 
Low temperature cells hrr.ve reaLched the most advanced develop-
ment stage with respect to cell lives and power rating. However, 
they o_perate only on high purity, high cost hydrogen and oxygeno 
The chemical regenerative and ion-exchange cells fail if the 
membrane fails (57). The aqueous alkaline electrolyte cells are 
unsuited for carbon-containing fuels, and catalysts are not 
available to permit the use of an acidic electrolyte with the 
oxygen electrode. The consumable electrode cells have short lives 
and use moderately priced fuels. The dissolved fuel fuel cells 
show promise of using low priced fuels, but ~re undeveloped at 
the present time. 
The moderate temperature high pressure alkaline cell has 
attained high pmver performances for short periods but must use 
hi1~h purity hydrogen and oxygen~ and requires complex pressure 
control equipmento 
The moderate temperature low pressure cells offer good 
pos$ibilities, but too little data is available for comparison. 
The high temperature cells are capable of using the low 
cost fuels, but corrosion problems presently limit cell lives 
to about six months. 
The present cost of electrical power in the United States 
is approximately 0.01 $/KWhr (2). For fuel cells to compete in 
the commercial market with the more conventional power sources, 
natural gas, coal .• gas, or petroleum fuels, with air will have to 
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be used (85). Present day hydrogen oxygen cells even with an 
ass1JJIDed cell life of 10 years are less economical than conventional 
power generation methods (2). 
There are two basic approaches for developing cells to 
utilize carbonaceous fu.els (2). 'These are: 1) to raise the 
temperature so that special catalysts will not be required, and 
2) to develop catalysts and electrolytes which will allow· the 
reactions to take place at low temperature and pressureo 
'£here are many organizations currently engaged in research 
on low temperature cells (2 9 85). The probability that a low 
temperature cell operated on a hydrocarbon fuel with an 
efficiency greater than that of conventional means will be developed 
at an early date is high (57). 
The success of high temperature cells depends upon the 
development of corrosion resistant materials and stable electrolytes. 
In all fuel cells, there is the need for better electrodes and 
catalysts. Electrode development 9 though subject to the scientific 
approach is still regarded as a "blacl,: art'' (71). This operation 
has been arad will probably continue to be 9 an experimental trial 
and error procedure in which an electrode is fabricated, tested~ 
and the effects of catalysts and method of constr1.1ction are 
evaluated (2~ 57 9 71). 
A large area of fuel cell applications that should not be 
overlooked is that area where cost is a minor factor. There are 
many special uses existing for fuel cells operating on expensive 
fuels and oxidizers ( 71, 7.2). Specialized military equipment 
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that have power requirements far removed from non:1al requirements, 
indicate that a need exists for specialized power generating devices 
at all levels of power output (57). The possibility also exists 
that a short life, high power output device may be more economical 
using fuel cells rather than conventional rotating power equipment 
(57). 
A large potential use of fuel cells exists in areas now 
served by lbatteries where power per unit weight is a very 
important factor. Table XIX presents a power density comparison 
between several fuel cells and storage batteries (72)o 
To stud;)' fuel cell performances, three parameters that 
should be available are cell })Otential, current density, and time 
of operation. Very few literature sources include relations showing 
time of operation. l"or this reason, much of the data available 
relating current density and cell voltage w,re omitted. 
No attempt was made to include all current cells in this work. 
A major problem in rr.)viewing this subject is the limited am.ount of 




Fuel Cost Range Cost used in 
Table XVI 
Hydrogen 2.68 - 0.05 $/Lb 0.45 $/Lb 
Carbon 0.003 0.001 $/Lb 0.002 $/Lb 
Methane 0.025 - 0.005 $/Lb 0.01 $/Lb 
Ethane 0.02 - 0.01 ~p/Lb 0.02 $/Lb 
Propane 0.05 - 0.02 $/Lb 0.03 $/Lb 
Butane 0.05 - 0.02 $/Lb 0.03 $/Lb 
Pentane 0.05 - 0.02 $/Lb 0 .03 $/Lb 
Methanol o.os - 0.04 $/Lb 0.06 $/Lb 
Ammonia 0.1 - 0.042 iVLb 0.042 $/Lb 
Sodium 0.3 - 0.17 ~p/Lb 0.23 $/Lb 
Oxygen 0.184 - 0.04 $/Lb 0.04 $/Lb 
T.ABLE XVI 
MINIMUM 1'"'UEL COST OF FUEL CELLS 
Fuel Tem~erature Energy Density Fuel Cost Fuel and Oxygen Cost 
K Btu/Lb ¢ /Kwhr ¢ /Kwhr 
Hydrogen 298 48780 3.15 5.48 
Carbon 1000 14121 0.05 2.75 
Methane 1000 21466 0.159 2.619 
Ethane 1000 21160 00322 2.84 
Propane 1000 20960 0.489 2.98 
Butane 1000 19546 0.525 3.15 
Pentane 1000 20753 0.443 2.88 
Methanol 500 9386 2.184 4.48 
Ammonia 298 7110 2.01 3.04 
Sodium 298 5622 12.0 16.0 
Based on 100% Fuel Conversion 
TABLE XVII 
INITIAL FUEL CELL COSTS (2)* 
Cell Type Electrode Material 
Low temperature and Porous c.arbon 
pressure H2 - o2 cell 
Ion: - exchange Coated resin membrane 
Low temperature and Porous nickel 
pressure hydrocarbon 
cell 
Intermediate tempera- Dual porous nickel 
ture and high pressure 
H2-o2 cell 
Sodium amalgam Steel plate 
porous carbon 
Dissolved methanol Platinum coated 
plates 
* Based on large scale production 
TABLE XVIII 




Bacon t·ype nickel 
Porous stainless steel 
Non-porous 'platinum coated plates 
* Based on large scale production 
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POWER DENSITY ,COMP·ARISON: 
FUEL CELLS AND S'l'ORAGE BAT'.l.'Jl~RIES (150 HR. OPERATION) 
Power Sour~ 
Fuel Cell, Tank H2 & 0 2 
Fuel Cell, Tank H~ & Air 
..:. 
Fuel Cell 9 Chemical Regeneration 
of Fuel 
Lead Acid Battery 
Leblanche Cell 










CONCLUSIONS AND RECOMMENDATIONS 
fl'uel cell rclevelopment has only begun. Even the most advanced 
fuel cells a.re still in an experimental stage of clevelopmento 
Ji'uel cells are not in commercial use at the present time and 
their use will be limited until the development of better cells 
with longer operational lives allows the use of inexpensive fuels 
and air. 
The possible applications for fuel cell power seems unlimited. 
l<'uel cells show promise for applications ranging; from small 
vehicles to large stationary power plants. 
Fuel cells have two major factors in their favor; the high 
energy efficiency possible, and the fact that fuel cell systems 
may be arranged to produce any amount of desired powero 
Fuel cell research is currently being applied in two main 
areas; in developing fuel cells for c'o1mnercial and for specialized 
purposes. 
'.!.'he commercial ,success of fuel cells r1lepends urion future 
progress made to allow the use of inexpensive fuels and air, 
The success for special purpose fuel cells depends upon the 
development of dependable cells with hi power outputs and cell 
lives corresponding to the particular need. 
What is most need.ad for fuel cells is basic research in the 
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areas of catalysts, electrolytes, high temperature materials, 
electrode designi and techniques of cell fabrication. A better 
fundamental understanding of the relations between the polarization 
losses of operating fuel cells is needed. 
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APPENDIX A 
NOMENCLATURE 
A = effective electrode area per unit geometrical area. 
0 



















= (Deff/ ), effective diffusion coefficient, current/ 
pressure. 
= ionic diffusion coefficientj area/time. 
= effective gas diffusion coefficient, area/time. 
= potentialj volts. 
= actual cell potential, volts. 
= potential with current drain, volts. 
= potential at zero current 9 volts. 
= reversible potential. 
= electron. 
= Faraday constant 9 coulombs/gram-equivalent. 
= fugacity, force/area. 
= U + PV - TS, free energy~ energy 
= U + PVj enth.alpy 1 energy 
= currentj coulombs/time. 
= current in either forward or reverse direction at zero 
net current, current/area of active electrode surface. 
= actual electrode net current, current/area of active 
electrode surface. 
= net current/unit of geometrical electrode area. 
= limiting current for ionic concentration polarization. 
= limiting current for gas concentration polarization. 
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K = constant in equation 50. 
k = reaction rate constant for forward direction. 
k' = reaction rate constant for reverse direction. 
L = distance 
~ = distance 
N8 = active electrode site area/area of effective electrode 
area. 
P = pressure, force/area. 
p = partial pressure, force/area. 
Q = quantity of electrical chargo 1 coulombs. 
q = heat absorbed by system, energy. 
r = pore diameter, length. 
r = electrical resistance, ohms. 
raff = effective ohmic resistance of cell, ohms. 
S = entropy, energy. 
T = absolute temperature, degrees. 
•r = absolute temperature of heat sink, degrees. 
0 
ti = ionic trans;:port number. 
U = internal energy, energy. 
V = volume. 
v = reaction rate~ equivalents/time. 
v = reverse reaction rate 1 equivalents/time" r 
vf = forward reaction rate, equivalents/time. 
v = v - v , net for<11,ard reactionate, equivalents/time. net f r 
W = work di one by system~ energy. 
W' = reversible 11•;ork done by system other than PV work. 
\Wm = 1.11axinmm work available from a heat engine, energy. 




= standard state. 
= activation. 
Abbreviations 
act = activation. 
exp = exponential, i.e., exp 
ln ::: logarithm to the base 
ocv = open circuJ.t voltage. 
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Classification of cells referre,d. to. in Biblioe;raph;y: .. 
1. Direct cells operating on solid carbonaceous fuels •. 
1.1. Aqueo:us electrolytes . at. temper,a,t.ufes below 100°C· 
1 .• 2. Aqueou~ elect.rolytes above 100°c ,, . 
1.3. Molten electrolytes (high t empera't ure )' 
! ,! 1· . 
1.3 .. 2~ Car,bon~te or .hydroxide 
:L.~4., Solid el~ct'i•olyt,es (h,igh temp~rature) 
Ls; . Ionized gas electrolytes (high temperature) 
2. Indirect Cells. 
2.1~ Cells operating on gaseous reaction products of carbon 
2.1.2. 
2.1.3. 
Low-temperature carbon monoxide cells 
Low-temperature hydrogen cells 
Low-temperature cells using other gases; e.g. so2 
Cells using halogens 
High-temperature hydrogen and carbon monoxide 
cells with molten electr6lytes 
High-temperature hydrogen and carbon monoxide 
cells with solid electrolytes 
2.2. Cells operating on solid or liquid reaction products 
of carbon. 
2.2.1. Cells using metals as fuel 
2.2.2. Oxidation-reduction cells 
2.3. Cells operating on hydrocarbon ft1.els 
2.3.lo Low-temperature and pressure hydrocarbon cells-
2.3.2. High-temperature hydrocarbon cells 
2.3.3. :Moderate-temperature low pressure cells 
3. Electrodes. 
3.1. Activation of electrodes 
3.2. Liquid proofing 
3.3. Diffusion electrodes 
3.4. Methods of preparation of electrodes 
4. Cell Construction. 
4.1. High-pressure cells· 
4.2. Mechanical arrangen1ents 
5. Reviews and General Principles. 
5.1. Literature reviews 
5.2. General articles, economics, and applications 
5.3. Theoretical 
6. Miscellaneous. 
N.B.: When the electrolyte is shown enclosed by a broken line, 
it is retained in a porous material. The symbol :; is 
used to indicate the presence of a diaphragm. 
1. Direct Solid Fuel Cells 
1.1. Using aqueous electrolytes below 100°C 
Davy 1802 " C/1120 :; HN03/(C)02 
Tommasi and Radiguet 1884 
H 
C/NaCl .. :: Pb/02/(C)02 
Grezel 1886 (v. Tommasi .. 1889) C/Acid 
147 
Case 1887 (v. Berthier 1929) 
It 
C/H2SO 4 :: KCl Or/ (Pt) o 2 
Case 1889 C(Pt) F Cl ~ F ( ) e 3 11 ec13 Pt o2 
" 1{20 I' HCl 
Coehn 1896 9 .1897 C/H2S04/(Pb02 )o2 .. 
Nobel and Anderson 1903 C/Iffl'03/(Al)02 
Ruzicka 1905 (v.a. 4.1) C/KOH/(Ni0)02 






:: Nitrosyl (C)o2 
II 
::. H2SO 4 
Hofmann and Ritter 1914 C/NaOHaq:; NaCl o3/(Pt)o2 
(v.a. Thiel 1915) 
Thiel 1915 theory of Case's cell 
1.2. Using aqueous electrolytes above 100°C 
Taitelbaum 1910) 
Baur 1910) 
n2so 4 + V, Tl, sulphates (Au) o2 
C ( C) 
250°C (Pt) 
Fischer and Kronig 
1922, 1924 
C (Fe) / Aq. alkali l (Fe) o2 
200°C 30 Atm. 
1.3. Direct cells operating at high temperature with molten 
electrolyte. 





Davies 1882 ( v. 













KHS04 added to elec-
trolyte, CuS cathode 
Iron cathode 
C/Ag N03 / 
(Ag, Pt,. Pd, etc,) 02 
1.3.2. Carbonate or hydroxide electrolytes. 
:·-,.__, 
Gore 1864 c\Na2co3 , Cao glassl(Fe)o2 
Archereau 1883 C/Alkali carbonate /<metal)02 
or hydroxide . 
Langhaus 












Korda 1895 c jK2co3 j(cuo) 02 
Anon. 1896;1897) 
Jacques 1896;1897) C/NaOH/(Fe) 02 
1898 (v.a. Haber) 
and Bruner 1904) 
Liebenow 8c Strasser 1897 Modifications of Jacques cell 
Reed 


























C + carbona:eousjNaOH +1 (Fe)O 
material Mno2 2 
C / NaOH + selenates 'I (FeO) 0 
tellurates, etc. 2 
C !NaOH.,(Fe2o4 )o2 Fischer and Lepsius 1912 
(v.a. 2.1.5.) 





192lb C /carbonates in I (Fe O )O 
porous Mgo 3 4 2 
1919 C,CO,Na (Pb, Sn\ [NaOHI 0 (Ag) · molte~ 2 
1923 Alkali+ Barium carbonates 
and aluminia, etc. 
Pt or Ag cathodes. 
Tamaru and Kamada 1935a Carbonates; Pt, Au, Ag cathodes 
b 
Baur and Brunner 1935 C/carbonate/(Ag Pt)02 
II ,,, 1937a C/carbonates 




Seton and Dobell 
1895 C/lead oxides/(Fe')o2 
1896 C/lead oxides/(Pt)o2 
1897a C(molten Pb) lead oxides/ 
(Fe)02 
1897b C or CO(molten 11 chromates 8 '/ (Fe) 
Pb): hydroxides / o2 
1897 C or CO(molten arsenates1 (Fe) 






1912 C/borax/(mol ten ·Ag) o2 
1916a C/borax/(CuO) o2 
Reed 1918 C/borax + ~02/(Au) <>2 
McKee and 'Adams 1949 c· ;ceo2 + wo;in\ (Pt) 
!porous A1 2o3 [ ('Fe304)02 
------
1.4. Direct cells operating at high temperatures with solid 
elect·rolyte. 
Baur and Treadwell 1916b) ''Nernst mass" or 
Ce02 + W03 + clay B/;iur and Preis 1937b;l938) 
McKee and Adams 1949 Ce02 + W03 + cl~y 
1.5. Direct cells operating at high temperatures and using 
ionized gas or ele~trolyte. 
Crossley 1923 (v.a. 4.2.) C(Fe)/heated ionized gas/ 
(metal)02 
2. Indirect cells. 
2.1. Gas cells. 
2.1.1. Low temperature carbon monoxide cells. I 
Winand and Coullery 1887 CO(Cu?) j Cu2c12 :: CuC.12 0 2 
(v. 1895) 
Scharf 1888 




(v.a. Fodor 1897) 
Hering & Dobrowolsky 1895 
Bernstein 1895;1897 
Tat low 1895 
Bucherer 1896b 
Union Elektr.Gesell 1902 
Baur and Glaessner 1903 
,r 
CO(Cu) I Cu2c1 2 \~ CuC12HcL! (Cu)o2 
CO(C-Pt)/ H2so4 j (Pt)02 
co ~ 82 [e2;r aq I (C)02 . 
( water gas . 11 
1 (coal gas) I (C)Cu2c1 2 ::cuc12 (c)o2 
(water gas) . 
Disicussion of Borchers.' cell 
Use of acetylene instead of CO 
(Ni)I 3+ 4+1 CO,H2 etc(Pt) Ce :NaOH aq:Ce t•• 
(Pt) 
• • • ( C ) 02 
II 
Keyser 1904 _cO,etc/KOH,K2C03 ,FeC12 (Fe)02 
Boiling 
151 
Braun and Schneider 1910 CO(metal),H2so4 l(metal)02 
(v.a. 6) 
Baur ) 




( C ) 






lfurthmann 1 91 !) ) 
1919) 











Mond. and Langer 1889;1897) 
Wright and Thompson 1889) 
Cailletet Collardeau 1894) 
(v.a. ·Ll.) 
Andreas JU395 
H (Pt)/H SO /(Pt)O 
2 2 4 2 
(Pt)/Acid/(Pt)02 
H (Pb)/H~SO /(Pb0)0-
2 ~ 4 ~ 
H2/electrolyte/air 
- - - -1 
H., (Pt O blk) I H,.,S04 0 0 ·1 






I'iernstein 1895;1897 v. 2.1.1. 
Zettel 
\ 
1896 H2(Ag)IH2S04 I< )02 
Ii 
Muller and 'il,Vallmarm 18918) 
11 , Hydrogen/oxygen cell 
Zopke 1902, 
Heid 1903; 19(M, 
II 






H9 ,CO (porous C)/N,aOHaq/ 
- 2 (Fe) 
(Pt )'ri s es/(Pt) 
H2/H2so4/o2 
H2/B2so4 :Fe3+ or N0/02 
Platinised C anodes in 
'1.1[ I''\ 11 t 2 -,,,. 2 ce 
Gaiser 1913 
Rideal and Evans 1921 
II 








Baur and Tobler 
Tobler 

























H2 (Pt) H2so4+colloidal (Pt)o2 
Pt or Ag 
H2 (Ni, INaOHaq::NaOH+Mno2 I 
Pt.blkY (C)O 
H2(Pt)/H2so4 ,No/ {Pt)02 
H2 (Pt) j1ye solnf(Pt)o2 
v. 2.1.4. 
H (Pd)/H SO :!NaOH/(Pt,C)02 2 2 411 
B2 (C)/ ? /(C)02 
H2-o2 cell with Cu anode 
(v.a. 4.1.) 
H2 (C-Pt) Jac1j (C)Br2 
(Ag) 
H2 (C-Pt}jNaOH\[CCu~ o2 
H2 1acid or alk.1 (Pb0}02 
H2 l(C,Ni) electrolyte I 
(Active C}02 
H2 (C ,Ag) /IWHaq/(C ,Ni} o2 




H2 (Pt,Pd) Exchange (Pd 9 Pt)02 
H (Ni) I KOH I (Ag) 0 2 2 
H I Ni \ I I 2 ~porous C } (KOHag) ... 
Ag 
}JOrous C 
2.1.3. Low temperature gas cells other than H2 , CO, and 
halogen cells. 
Andreas 1895 
(v. Fodor 1897) 
1'ourneur 1903 
S02 (C) /cu2c12llcuc12 I (C)Cl2 
so2 (C) IHN00 I (C)02 
Basset 1906;1907a;b 






2.1.4. Halogen Cells. 
1913 
153 
so2 ,H2S,HI, I H2so4aq + (Graphite) 
etc(porous C) Br2 ,NO o2 
S02 (Coke)1 H2so4 r:Nitrosyl (C)02 
"H2so4 
S02(C)r H2S04+T1,v, I (Pt) 
(Au) 0 
sulphates ( C ) 2 
HI (C) \H2SO 4!hmo31 (C)02 
Scharf 1888 H2 ,CO/electrolyte/Cl2 ,F2 &.a. 2.1.1;2.l.2;3.~ 
Swan 1894 ?JKCl, NaCl or PbC12fci2 












1909 H2IHCl aq 60°,Cl2 
1911 H2 - Cl2 cell with regenera-
tion of c12 
v.Bevesy 1916? !alkaline electroly;•1 NO, 
Cl . . 2 I metal oxide) 
1923 H2 (Pt)/HC1/(C) Cl2 
1923; 1924) 
( V • a. 3.3.)) H2 (Pt,C)/HC1/(C) Cl2 
1929) 
Waldburger 1930 H2 (Pt,C) HCl/(C) Br2 
Davtyan 1947 H2 (Fe,Si)/HC1/(C)Cl2 
Jedlicka 1948;1949 Na(Hg)/NaCl aq/(C)Cl2 
2.1.5. High Temperature gas cells with molten electrolyte. 
Arsonval, dv 1882 H2etc(Sb,Pb, etc)jsb2o3 Hsb2o5 
Rodgers 1888 




Bucherer 1896a;b CO,H2 (Fe)/carbonate/(Pt)o2 
154 
Jacques 1896 v. 1.3.2. (Baber & Bruner 1904) 
Dobell 1897a;b) 
Seton & Dobell 1897) v. 1.3.3. 
Rawson 
Britzke 
1898 CO(molten Pb)/Metal Salt/(?)02 




H2 (Pb) Na2co 3 ::NaoH: F'eri tte 
co 
CO(C) INaOH !(Metnl) o2 
I (Fe) 02 
Haber & Brurier 1904 H2 (c)/NaOH,Na2Mno4 j(Fe)o2 
(v.a. 1.3.2.) 
Haber 1906 CO,H2/Carbonates/(Metal) o2 
Beutner 1911 CO,H2 (Ni,Pt)/halides/(Metal) o2 
(v.a. 3.3.) 
Baur.& Ehrenburg 1912 
(v.a. 1.3.3.) 






Rideal & Evans 













CO,H2 (Pt, Fe, Ni, Cu) /Borax/ ••• 
••• (molten Ag) o2 
H2(C)/NaOH/(Pt)02 
CO(C)/molten Cu/(Cu0)02 
CO(Cu)/ - /(Cu0)02 
H2, O'e) fNaKco;-: rFe30 4) 02 
1 in MgO l I __ - -
B2 , CO, (.Fe)/ (NaOH) /(Fe) o2 
CO, H2(Pt)/uo2 Posphate Glass 
" ... Nalln) 4/(Fe)o2 
Sn may replace Pt & a carbonate 
the U02 -Glass 
(Ag) 1- - - - - -1 
H,...,CO (Ni) 1carbonates1 ('\ t )O 
.::: (Cu) I_ b?rate~I ,.g,e c · 2 
co, 
-- - - -- - I 





Kohnig & Zohner 1931· H2 (Pd)/KN02+NaN02/(Pd)02 
H CO (c)/Na,Ba,e~c,carbonates/ •• ~ 
2' ' + halides Blanke 1942 
••• (C)02 
2.1.6. High temperature gas cells with solid electrolytes. 
Rasch 1900 CO,H2 ,etc./Zircon-Yttria/ 
Salt flame Glass/02 
Haber and Moser 1905) 
Haber 1906 , 1911 ) CO(Pt.blk)/Gla.ss/(Pt.blk)02 
II 
Fleischmann & Forster 1906 H2 ,CO/glass,porcelain/(?)02 
Baur and Preis 1937b,1938) 
(v.a. 1.4.)) H2 ,CO(Fe) I ''Nernst mass" 1· .. 
Baur 1939) Ce02 ,wo3 ,etc • 
Baur 
••• (Fe3o4 )o2 
1941 Additions to electrolyte to 
reduce resistance, etc. 
2.2. Indirect solid or liquid fuel cells. 











1891 Fe/NaCl aq/(C)02 
1898 Discussion of metal fuels 
1904 Pb,Sn,Cd,Sb,etc/NaCl aq/02 
1908 Sn,Al 
Cr2c16 ;PbC12 
(C)02 MnC1 2 (fused) 
1919 Na(molten Pb,Sn)[molt. en,(Ag)02 
Na OH ~ 
1921 IPb NaOH aq::Mn 02 1 (C)o2 
~C03aq" 
I Sn Hc1:lFeCl l(C)O HCI 3 2 
II 
Sn freduced:lo::ddized I (Fe) o2 I me 1 t • 11 me 1 t • 
1921a Na/NaOH/(Ag,Fe2o3 ,Fe3o4 )o2 
1925 NA/NaOH/(Passive metal)02 
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Lamb and Elder 1931 
Hamer and Schrodt 1949 
Zn/H2so4 ::FeC13/(Active C,Pt)o2 
Mg/molten or solid/(C)Mn02NaOH 
Jedlicka 1948;1949 Na(Hg)/NaCl aq/(C) c12 
(v.a. 2.L4.) 
Miller 19'61 Na(Hg)/Na0Haq/(Ag)02 
Ciarlarello 1960 Li metal (Fe)H 
halogen 2 
2.2.2. Oxidation-reduction cells using compounds of metals 
of variable valency, etc. 
Tat low 1894) 
Borchers 1894 Cu+~ Cu++ 
Windand andCoulleryl895) (v.a. 2 .. 1.1.) 
Welsbach 1903) Ce 3 + ~ Ce 4 + 





1904 (a) C + Alkali sulphate 
- sulphide 
(b) Alkali I K2s ::mw (c) 
Sulphide so111::Kc1tl3 (Pt) 
(Fe-Si) 02 
1904 Fe salts (v. 2.1.1.) 
1906,1908 Mn,Cr,Fe,Cu,Hg salts 
(v. l.l.;2.1.3.) 
Forster & Dithelm 1908 Ti salts (v. 2.1.2.) 








1910 Fe salts (v. 2.1.2.) 
1911;1912 Tl,Ti,Ce salts (v. 2.1.2.) 
1916 Oxidation-reduction cells 
under pressure 
Rideal and Evans 1921 Mn,U,V,Cr,Ce in glass 
(v. 2.1.5.) 
Lamb and Elder 1931 Survey of various systems 
Baur & Preis 19:37b; 1938) Addition of Mn,Cr, V. Ti, U, etc o 




1942 Vo 2 o l. 5 o 
1960 
1961 
H2 ic3H8/electrolyte/ o2 
c2H6 Dissol vedl 
in electrolyte 0 0 .... 
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fer) Air, • • q 0 . 2 
2.3.3. Moderate Temperature Low Pressure Cells 
El1more & Tanner 




Mond and Langer 1889) 
Wright & Thompson 1889) 
Caillet & Collardeau 1894 
II 










Wal db urger 1930 
Lamb & Elder 1931 
Heise & Schumacher 1932 
Tobler 1933 
Platinum for hydrogen 
Platinum black for H2 
Pt') Pd, and Au 
Pt. electrodes for H2 and 
Platinized carbon for H2 
Porous C electrodes for o2 
Platinized Ni for B2 
Platinized clay for H2 
Carbon electrodes for On 
;::; 
02 
Platinized carbon electrodes 
11 Hopcalite" for o2 
Poisoning of Pt electrodes 
Active carbon for o2 
Porous C electrodes 
Ni,Fe,C,Pt electrodes (plain 
or platinized) for H2 and o2 
Ivanov & Kobozev 




19~7 ) Fe~04 electrodes u• a v 
1947 Catalytic activation for 
H2 and o2 
1955 Ag for H2 ,o2 
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Justi 1958;1959 Ni for H2 
Ag for o2 
Kordesch 1952;1954;1960 Ni for H2 
Young 1960 Catalysts for fuel cellso 
3.2. Non-wetting electrodes. 
3.3. 
Scharf 












Rib be 1902 









Buhr er 1929 
Rerl"ensl:Jurger 1929 110 
1931;1932) KRnig 











Surface active agents 
CO diffusion through C 
H2 diffusion through Pd 
H2 diffusion through Pd 
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3.4. Methods of preparing active electrodes. 
Metallization of C Lang ha us 
Davtyan 
1901 
1947 Reduction of Ag,Ni,etc, on C 
4. Special Construction of Cells 
4.1. High Pressure Cells. 
Cailleter & Collardeau 1894 
Ruzicka 1905 
II II 
Sussmann & Sussmann 1916 
Fischer and Kronig 1922; 1924 
Citovich 1929 
Brit. E.R.A. 1950 
Bacon 1955 
4.2. Mechanical Details. 
Westphal 
Lavis on 












5. Reviews and General Principles 
5.1. Literature reviews. 
Fodor 
Bechterew 
Rideal & Evans 
Bert hi er 
Greger 
Baur & Tobler 
Howard 
Davtyan 
Brit. Elec. JR.A. 




















Annual Battery R. and 
D.Conference 1958;1959;1960;1961 
ACS Meeting, Division 
Gas & Fuel Chemistry 1960;1961 
" 
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Nernst & Wartenburg 
Allemand & Ellingham 
Grube 















Annual Battery R. and 
Free energies 
II II 
D. Conference 1958;1959;1960;1961 
ACS Meeting, Division 




Braun & Schneider 
Crossley 
Shurmovsky & Burns 







Thermal ionization of CO 
Ioniza.tion of fuel gases 
by U.V. irradiation, etc. 
Mechanism of CO oxidation 
by Mn o2 
Crystal structure of Ce02 : 
wo3 compounds 
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